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Introduction

The net consumption of electricity worldwide has increased dramatically from 1980 to
2017, namely from 7.3 to 22.3 TWh, respectively.! Nearly 50% of that amount was generated
from gas and coal. For example, in 2016 the total world energy came from oil 32%, gas 22%,
coal 26%, biomass 10%, only 5% nuclear and 5% renewables.? Based on REN21's (Renewable
Energy Policy Network for the 21st Century) 2017 report, renewables contributed 19.3% to
humans' global energy consumption. Unfortunately, the consumption of the produced energy
is accompanied by the release of the waste heat. Waste heat is heat that is produced by a
machine, or other process that uses energy, as a byproduct of doing work.3 Due to the limited
efficiencies of power plants it is necessary to burn more fuels in order to achieve the desired
energy output. This contributes to an increase of greenhouse gas emissions and global
warming. For example, cars generate about two times more waste heat than actual useful

work (with n=25%).*

The waste heat conversion to electricity can be realized by means of thermoelectricity
(TE). Over the last decades, the inorganic TE has progressed dramatically. Different
technologies have been developed to build efficient TE generators (TEGs) such as silicon
technologies both CMOS compatible (such as N- and P-type polycrystalline silicon, poly-SiGe
and recently silicon nanowires (SiINW) and non-compatible materials like Bi—-Sb—Te alloy.> The

performance of TE material is usually characterized by the dimensionless figure of merit:

where « - the Seebeck coefficient, o - the electrical conductivity, k¥ - the thermal

conductivity. A good TE material must have high o and «, and low k. The nominator of

2
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o’c is also called power factor (PF) which represents the potential efficiency of the
material. The material’s TE efficiency can be compared through the PF value for materials

having similar thermal conductivity.

Inorganic TE technologies have been well-developed over the last decades reaching
high figure of merit zT > 1.> However, inorganic TE materials are expensive to micro-fabricate

and contain highly toxic elements such as tellurium, antimony and lead.®

In 2000 Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were awarded the
Nobel Prize for the development of electrically conductive polymers. Since then, the
development of organic thermoelectric materials has aroused real enthusiasm following a
trend already observed in other fields such as photovoltaics, transistors, light emitting diodes,
etc.” Conductive polymers were actively studied in the domains listed above, but the TE

properties of the materials were uncovered only recently.®

Unlike inorganic TE materials, organic ones are easy to process. Simple modification of
their molecular structure allows tuning the physico-chemical properties in fairly large range.
Moreover, they are low-cost organic materials consisting of abundant elements such as
carbon, nitrogen, sulphur and oxygen. Furthermore, polymers are characterized by a low

thermal conductivity (ca. 0.2 W m K1) which makes them ideal for TE applications.

The true interest for organic TE has aroused after the seminal work of X. Crispin and O.
Bubnova in 2011. They demonstrated that polymers such as poly(3,4-
ethylenedioxythiophene) (PEDOT) doped with tosylate (Tos) can reach high zT values required
for efficient TE devices e.g. zT =0.25 (o ~ 300 S/cm) at room temperature.’ The same polymer

doped by polystyrene sulfonate (PSS) reaches zT = 0.42.1° A general analysis on doped
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polymers showed that PF ~&"* , hence improving conductivity is a strategy to follow. Since
then other polymer:dopant systems have been developed, e.g. P3HT (poly(3-
hexylthiophene)), PBTTT (poly(2,5-bis(3-tetradecylthiophen-2yl)thieno(3,2-b)thiophene)),
DPP (diketopyrrolopyrrole)-based copolymers etc. that can be doped by various oxidants such
as |y, FATCNQ(2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane), Fe TCNNQ (hexafluoro-
tetracyanonaphtho-quinodimethane), FTS (ferric p-toluene sulfonate) and also metal-organic
compounds such as Mo(tfd-COCFs); (Molybdenum tris(1-(trifluoroacetyl)-2 - (trifluoromethyl)
ethane-1,2-dithiolene)) and FeCls (iron(lll) chloride). As all conjugated polymers are initially
semiconducting, it is necessary to introduce the charge carriers in the system by means of

doping.

Within the scope of this work only p-type systems are considered, meaning that the
majority of the charge carriers are holes. PF can be significantly improved through better
conductivity. Therefore, it plays a big role in the final device performance. According to X.
Crispin et al, electrical conductivity of conjugated polymers depends a lot on: morphology,
microstructure and number of counter ions that balance the positive doping charge carried

by the conjugated polymer chain. °

Thin films of PBTTT-doped by fluoroalkylsilanes (FTS) allowed to reach the electrical
conductivity of 1000 S/cm.'! Semicrystalline P3HT films doped by F4TCNQ reaches a
conductivity of up to 12.7 S/cm.*? Vapour-doped P3HT:F4sTCNQ films reaches higher PF value

of 27 uW m™ K2, where conductivity was around 37 S/cm.!3

Conductivity of doped polymers is determined by: i) the choice of dopant/polymer, ii)
the doping method, iii) the morphology/structure of pristine and doped phase, iv) the

orientation of the backbone.
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i) The choice of dopant/polymer is first of all referred to the gap between dopant’s
LUMO and polymer’s HOMO which allows an efficient charge transfer in case of p-type

material.

ii) Different doping methods have been investigated in literature such as mixed
solution/ sequential processing**>, vapour phase doping'>'3, and more recently incremental

concentration doping (ICD).

Moulé et al. have demonstrated a drastic increase in conductivity for sequentially
processed (SqP) films in compare to mixed-solution processed due to better structural
order.'* The difference between these two methods is the following: in SqP method films are
deposited on a substrate with subsequent doping, whereas in mixed-solution method both
polymer and dopant are co-dissolved and film is further prepared by drop-casting this mixture
on a substrate. SqP allows to have a better solid-state order, the morphology can be semi-
crystalline or liquid-crystalline as it is usually seen for conjugated polymer films.2141> Vapour-
phase doping is another method that allows to intercalate dopant molecules progressively
into the pristine polymer structure without the need for an organic solvent that can interact
also with the polymer during doping. Chabinyc et al have reported a significant increase in
conductivity of vapour doped P3HT:F4TCNQ films up to 48 S/cm in compare to SqP.%3 These

results underline the importance of the doping process on the resulting PF of doped polymers.

iii) The structure of pristine polymer films depends strongly on: chemical parameters of
the polymer such as molecular weight, regioregularity, polydispersity, film preparation
methods and crystallinity. Hynynen et al. demonstrated the correlation between the P3HT
film’s initial crystallinity and the final conductivity of FaTCNQ doped films'2 whereas Scholes

et al showed that a higher degrees of film crystallinity leads to higher mobility and greater
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polaron delocalization in the doped state.!® A similar result was also evidenced in oriented
films of P3HT for which improved alignment and crystallinity result in improved TE properties
in P3HT:F4TCNQ system reaching o ~22 S/cm.'® Presence of the polymer backbone

orientation within the film allows to further increase the device efficiency on a macroscale.

iv) The orientation of polymer backbones with respect to a substrate is a powerful tool
to increase the TE performances. The unique alighment technique by high-T rubbing that was
developed in the SYCOMMOR group allows to control orientation and crystallinity by
adjusting the temperature of rubbing Tr.2”*® This method was the main orientation technique

used all along the current thesis.

The focus of this thesis is to explore the improvements in the performance of the p-type
polymer/dopant system by enhancing the polymer orientation and degree of crystallinity.
Several polymer/dopant systems are carefully studied and compared such as: P3HT/F4TCNQ,
P3HT/FsTCNNQ, P3HT/FeCls and P3HT/Mo(tfd-COCF3)s. Different techniques were used in
order to obtain an insight into material’s physical properties, such as: Polarized Optical
Microscopy, Polarised UV-Vis Spectroscopy, Transmission Electron Microscopy, Electron
Paramagnetic Resonance, 4-point probe conductivity measurements and Thermopower

measurements.

The thesis is organised around four main chapters.

Chapter 1 describes the important concepts and the state-of-the-art of organic
thermoelectricity necessary to understand the main results of the thesis. It consists of three
parts. In the first part of this chapter, the general concepts on m-conjugated polymers,

thermoelectricity as well as a small survey on practical applications are introduced. The
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important literature relative to pristine P3HT especially structural aspects and the variety of
alignment methods are introduced. The third part of this chapter deals with the doping
process and existing doping methods for semiconducting polymers. Structural changes in
polythiophenes upon doping are detailed. The chapter is concluded by a brief discussion on
the correlation between conductivity and Seebeck coefficient in doped polymer

semiconductors and the related theoretical background.

In the Chapter 2 we focus on the P3HT/F4sTCNQ system and more precisely how the
variation of the rubbing temperature yields two possible P3HT structures: smectic-like and
semi-crystalline and how this affects the system once in the doped state. We show that the
semi-crystalline structure of aligned P3HT films shows superior thermoelectric properties as
compared to the smectic-like phase because of both a higher in-plane orientation and a higher
doping level. Conductivities up to 160 S/cm and power factors of 56 uW m™ K2 along the
rubbing direction are obtained versus a few uW m™ K2 for non-oriented films. Different
intercalation mechanisms of F4sTCNQ in the layers of alkyl side chains are evidenced by
electron diffraction in doped oriented films of the smectic-like and the semi-crystalline
phases. We provide compelling evidence that doping of the smectic-like phase promotes
ordering of P3HT backbones along the chain direction within individual nt-stacks whereas for
the semi-crystalline phase, dopant intercalation reorganizes the arrangement of successive ©
-stacks and perturbs the packing of alkyl side chains. Insight in the orientation of F4ATCNQ-
anions in the layers of alkyl side chains of P3HT crystals was further retrieved from a detailed
polarized UV-vis-NIR spectroscopic analysis. Our results demonstrate that both orientation of

the polymer chains and crystallinity enhance the thermoelectric properties as well as the
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doping level. We anticipate that detailed control of polymer morphology in films further

improves the thermoelectric figure of merit of semiconducting polymers.

In Chapter 3, we compare two similar systems of semicrystalline P3HT doped by FATCNQ
and FeTCNNQ. Peculiar attention is given to structural modifications taking place upon doping
P3HT with FeTCNNQ. In this contribution we investigate the effect of the dopant on optical,
structural and thermoelectric properties in aligned P3HT films doped sequentially with
F4sTCNQ and FeTCNNQ. We evaluate how the dopant size and electron affinity affect the final
film structure as a function of dopant concentration. The main questions addressed in this
study are the following: What are the differences between Fs-TCNQ and Fs TCNNQ in terms of
structure, optical and TE properties? How bulky dopant molecules such as Fe TCNNQ will affect
the resulting structure of doped film? What is the doping level in such a system? To answer
these question, we used a combination of UV-Vis spectroscopy and low dose electron
diffraction to provide an insight into how the doping by different molecules affects the final
polymer structure and how the dopant molecules are distributed in the P3HT crystals.
Measurements of DC conductivity and Seebeck coefficients in anisotropic films help to draw

correlations between doped polymer structure and TE properties.

The TE performances between these two systems remain quite similar and the increase
in conductivity is accompanied by a decrease of the Seebeck coefficient. Regarding the
structural findings, both FA,TCNQ and Fe TCNNQ dope essentially the crystalline part of the film
but the doping mechanisms are different. ED provides compelling evidence for the
intercalation of Fe TCNNQ dopants in the crystal lattice of P3HT. A tentative model for the

structure of FeTCNNQ-doped P3HT is obtained from ED analysis showing that the
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stoichiometry of the doped phase is one dopant per four thiophene monomers i.e. a

maximum doping concentration of approximately 25%.

Chapter 4 describes the doping of semicrystalline oriented P3HT films with the metal-
organic compound - Mo(tfd-COCF3)3. We report a record thermoelectric power factor of up
to 160 uW m™ K2 for the P3HT. This result is achieved through the combination of high-
temperature rubbing of thin films together with the use of a large molybdenum dithiolene p-
dopant with a high electron affinity. Comparison of the UV-vis spectra of the chemically doped
samples to electrochemically oxidized material reveals an oxidation level of 10%, i.e. one
polaron for every 10 thiophene units. The high power factor arises due to an increase in the
charge-carrier mobility and hence electrical conductivity along the direction of rubbing. We
conclude that P3HT, with its facile synthesis and outstanding processability, should not be

ruled out as a potential thermoelectric material.

Finally, a general conclusion is given that draws the main conclusions of the thesis and

proposes perspectives for the design of TE polymer films with enhanced TE properties.
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Chapter 1. State of the art & Fundamentals on organic thermoelectricity

I. General concepts

I.1 n-Conjugated polymers

Conjugated polymers (CPs) represent great opportunities for the future in general and
for organic electronics in particular. CPs are organic macromolecules that are characterized
by a backbone made of alternating double- and single-bonds. Their overlapping m-orbitals
create a system of delocalised m-electrons whose band structure may lead to interesting
charge transport properties. Intrinsically, most classical CPs such as poly(thiophene)s have a
null dark conductivity since no free charges are present in the system. To observe conductivity
in CPs it is necessary to produce free charge carriers by excitation of electrons from the
valence into the conduction band. Charge carriers can be generated in different ways. In the
case of conducting polymers, chemical or electrochemical oxidation/reduction referred to as

p- / n-doping, respectively, is necessary. !

The development of the field of conductive polymers has started around 1980. Two
key discoveries played a crucial role in the active development of the area of conducting
polymers: the discovery of polysulfur nitride in 1977 ? and iodine-doped polyacetylene in
1977 3. The room-temperature conductivity of intrinsically conducting polymer (SN)x was of
the order of 103 (Q2-cm)™* whereas the conductivity of copper is ~6-10° (Q-cm). The explosive
nature of (SN)x prevented it from practical use. The second major breakthrough was realized
by Heeger and coworkers in their studies on conducting polyacetylene. In the pristine state,
polyacetylene (PA) is insulating with a conductivity below 10 (Q-cm)? . Exposure of PA to

oxidizing agents such as iodine results in a strong increase of conductivity up to 10° (Q-cm)
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1.3 This fundamental discovery and development of conductive polymers justified the award
of the Nobel Prize in Chemistry to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa

in 2000. *
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Figure I.1 (a) Sigma (Single bond) hybridization for ethylene, (b) pi (Single bond)
hybridization for ethylene and (c) both sigma and pi bond hybridization which give de-

localization of pi-electron. Reproduced from the ref °

Let us consider conductive polymers from the chemical point of view. A good model
system is the ethylene molecule (see Figure I.1). Carbon atoms in the ethylene molecule are
sp? hybridized. The 2s orbital of a carbon atom is mixed with 2px and 2py orbitals forming
three sp? hybridized orbitals. They form two c-bonds with hydrogen atoms and one c-bond
with the neighbouring carbon atom. The third 2p orbital (2p;) remains unhybridized which
gives rise to the formation of the additional n-bond due to side-on overlapping 2p orbitals
(see Figure 1.1). This in turn restricts rotation along the polymer axis which planarizes and
stiffens the polymer backbone. m-electrons of each 2p orbital create delocalized collective

orbitals.
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Ideally, such delocalization should be spread over the whole length of the backbone,
but it is never the case due to defects, twisting and chain folding that interrupt conjugation.
n-bonding and m*-antibonding orbitals are formed due to the nature of the electron wave-
function that can interfere either destructively or constructively. m-bonding and w*-
antibonding can be referred as the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) (see Figure 1.2). This representation bears some
analogy with the band diagram of classical inorganic semiconductors with the valence and

conduction bands. The larger the conjugation length, the smaller the HOMO-LUMO gap.

energy
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Figure 1.2 Evolution of the HOMO and LUMO levels as well as bandgap Eg with increasing
number of thiophene repeat units, resulting in valence and conduction bands for

polythiophene; the images of 5 g/I solutions in chloroform illustrate the narrowing of Eg,
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which leads to a red-shift in absorption (the polymer is P3HT). Note that crystallisation will
lead to a further decrease in Eg due to electron delocalisation across adjacent chain

segments. Reproduced from the ref ®

1.2 Conjugated polymers in organic electronics

The development of conducting polymers has opened the wide field of organic
electronics with numerous potential applications, e.g. OFETs, photovoltaics, various sensors,
displays, thermoelectrics, etc. Figure 1.3 shows a set or representative conjugated polymers
that have been widely studied in the literature. Interestingly, although polyacetylene has
been one of the original most studied model systems for conducting polymers, it failed to

become a major polymer in plastic electronics mainly because of its lack of processability.
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Figure 1.3 (a) Chemical structures of some common conjugated polymers. Reproduced from

ref ©

16



Chapter 1. State of the art & Fundamentals on organic thermoelectricity

Wearable electronics is currently becoming increasingly prevalent in many aspects of
life, including sports, communications, health and wellness, expenditure tracking and wireless
payment, wireless keys, socialization, and so forth.” In particular organic field effect
transistors are widely used as constituents of various devices e.g. phototransistors®, chemical
sensors®, pressure sensors!®, temperature sensors!l. As an example for its potential
applicability in plastic electronics, flexible OFETs are of particular interest as sensors for
detecting gaseous pollutants!?, humidity level’*, pH'* and even drug-abuse!>. Numerous
thiophene-, naphathalene diimide-, DPP-based copolymers are used for these purposes (see
Figure 1.3). 7 In photovoltaics, P3HT, polyphenylene vinylene (PPV) in combination with
phenyl-Ce1-butyric acid methyl ester (PCBM) or carbon nanotubes have been widely
investigated to study the fundamental electronic processes at play in organic solar cells.®7
Electroluminescent properties of conjugated polymers have also been exploited in the design
of Organic Light Emitting Diodes (OLED) that use conjugated polymers as semiconducting

materials to produce flexible displays, indoor lighting, etc.!®

1.3 Chemical engineering of conjugated polymer units

Chemical engineering of CP units allows obtain specially tailored electronic, optical
and structural properties of a resulting material. CPs made of an alternation of electron-rich
and electron-poor units lead to so-called low-band gap polymers with a band gap energy (Eg)
usually below 2eV. The band gap determines both optical properties (range of light absorption
for photovoltaic applications) and charge transport. In particular, the energy levels of the
HOMO/LUMO can be adjusted and determine the polymer ability to become a conducting

polymer through oxidation/reduction of the backbone upon doping. ! Theoretical calculations
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can serve as guidelines for designing CP with particular electronic properties, such as e.g. band
gap (Eg), electron affinity (Ea), ionization potential (IP). In particular, Eg is strongly affected by
the following parameters: the bond length alternation, the inter-ring torsion angle, inter-
chain effects, the resonance energy and substituent effects. ° Several strategies have been
applied to reduce the band gap Eg : fusion/substitution®, ladder polymerization?!,

copolymerization?? and donor-acceptor polymerization®3.

The backbone planarity and rigidity of CP, which allows for charge delocalisation that
is crucial for carrier transport, makes them difficult to process since these polymers are
usually insoluble in organic solvents and show very high melting temperatures. This is why
alkyl side chains have been introduced in CPs. Side chain tailoring allows to improve solubility
in organic solvents, reduce the melting temperature and enhance the self-assembling of the
polymers. 24726 Poly(3-alkylthiophene)s (P3ATs) is a popular family of conjugated polymers
that has been widely studied in the community of plastic electronics since they are easy to
process from solution, thermally stable up to very high temperature and show versatile

electronic properties that can be precisely tuned. 2’

1.4 Organic thermoelectricity: basic concepts

Thermoelectric polymers combine the ability to directly convert heat to electricity,
and vice versa.® The physical mechanism behind TE is the so-called Seebeck effect, that was
discovered by Thomas Johann Seebeck in the early 1800s. It rests on a simple principle: when
two dissimilar conductors are connected electrically in sequence and thermally in parallel, an
electromotive force AV appears in a closed circuit. 22 The Seebeck coefficient is an intrinsic
property of a given material. It is defined as:
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AV
a:——' 1
N (1)

where AV - is the voltage gradient, AT - is the temperature difference between hot

and cold ends.

Depending on the charge carriers in the material, a can be positive (holes) or
negative (electrons). By convention the a sign is given by the potential of the cold side with
respect to the hot one, thus indicating the majority charge carriers. ® The Seebeck coefficient

is usually very small for metals (several uV/K) and large for insulators (up to several mV/K).

The physical effect opposite to the Seebeck one is called the Peltier effect. In that
case, if the current is passed through the same closed circuit (Figure 1.4), a difference in the
temperature appears on both p- and n-type junction with a metal. The thermoelectric cooling

due to the Peltier effect is widely used in refrigerators for instance.

a)

Figure 1.4 Cooling and power generation modes of a thermoelectric device: a) Peltier effect, b)

Seebeck effect. Reproduced from ref ?°

In 1959 loffe et al. have introduced a dimensionless figure of merit zT to quantify the

thermoelectric efficiency of a material®° :
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7T = T, (2)

where o - electrical conductivity, o — Seebeck coefficient, k - thermal conductivity, and T —

absolute temperature.

The thermal conductivity k has two contributions: the electronic contribution due to charge
carriers ke and the lattice contribution associated with the phonons in the material ky, i.e.

=Ket KL.

The nominator in (2) is called the power factor PF, which is the potential efficiency of the

device.

PF=0c-a°, (3)

It is used quite often to compare TE performances of materials with similar thermal

conductivities due to difficulties in measuring the last one.

Figure 1.5 Schematics of (a) a thermoelectric element, (b) — TEG — an array of p- and

n-type TE legs, (c) printable TEG. Reproduced from ref.®
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Figure 1.4 represents the simplest model of a TE device, whereas more complex large-
scale thermoelectric generators (TEGs) consisting of arrays of p- and n-type elements can be
built (see Figure I.5). A TEG is usually made of a series of junctions whose AV add in order to

generate a high thermovoltage.

a) Inorganic TE

The most common material of interest for inorganic TE is bismuth telluride (Bi.Tes).
Bi,Tes — based TE devices are characterized by zT ~ 1 at room temperature.3! Inorganic TE
materials are working quite effectively mainly at high temperatures (>400 K) and can reach
ZT as high as 2 at such temperatures. 32 The other materials of interest are lead telluride,
silicon-germanium, Heusler alloys, tin selenide etc. They contain heavy-metals that may have
high toxicity and low abundancy in nature. Despite the high TE efficiency and wide usage of
inorganic TE, they have some disadvantages: expensive raw material, high processing cost,
heavy metal pollution and difficulties to fabricate TEGs over large scale. The most common
applications are medical and wearable devices, wireless sensor networks, industrial electronic

devices, automobile engines, aerospace. 33

Table 1. TE performance for different T ranges and materials. Reproduced from ref.33

Group Material Best temperature Peak ZT
range (K}
CoSbs (n-type) 630-1100 0.9
PbTe (n-type) 600-850 0.8
SiGe (n-type) = 1000 Do
. (o ZNaShs (p-type) =G00 1.4
H';:)‘ Tl‘;'ggifm"e A CeFe,Shy, (p-type) 850 15
A / SiGe (p-type) 900-1300 0.5
TAGS (p-type) G50-800 1.3
CeFesRuSby; - =
Mg, Si (n-type) 645 1.1
Medium Temperature (MT) TlsBiTes (p-type) =400 1.3
(400-700 K)
e Bi,Tey (n-type) <350 07
Low Temperature (LT) BiTes (p-type) <450 11

(300-400 K) £ !
' (Bi,Sh);Tey (p-type) 375 1
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b) Organic TE

Organic TE has gained enormous attention after the seminal work of Crispin et al.3*
The later authors have demonstrated that the accurate control of the oxidation level in
poly(3,4-ethylenedioxythiophene):tosylate (PEDOT:Tos) can result in TE polymers with
zT~0.25 (PF 324 uyW-m'.K2) at room temperature that approaches the values required for
efficient devices. 3* A similar order of magnitude efficiency was reported by Yu et al. in

PEDOT:PSS carbon nanotube blends with PF = 160 uW-m*-K2,

Organic polymer-based materials are promising as a new generation of
thermoelectric materials, owing to some unique characteristics such as: low cost, low
thermal conductivity (under 0.5 W-m™.K™), easy synthesis, easy to process in different forms

and on large scales. 3°

A general scheme illustrating the diversity of design methods for thermoelectric
plastics materials of interest has been proposed by Kroon et al. and is depicted in Figure I.6.
The thermoelectric tetrahedron represents four main building blocks of TE plastics: (1)
organic semiconductors and in particular m-conjugated polymers, (2) dopants and
counterions, (3) insulating polymers, and (4) conductive fillers such as carbon nanotubes,
graphene and inorganic semiconductor nanowires. Both the organic semiconductor and filler
can be used as the primary charge conducting components although they may be only poorly
conducting in their intrinsic form. Dopant/counterion permit the modulation of the charge
carrier concentration. Insulating polymer together with conductive filler can be used as
extrinsically conducting TE materials. The current thesis is focused only on TE material

systems of the type conjugated polymer:dopant.
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Organic TE is a rapidly evolving field. New polymer backbone variations, dopant, and
processing methods continuously emerge and boost the development of more effective

materials for organic TE generators.

organic semiconductor
njugated polymer)

thermoalec

plastic insulating

polymer

dopant,
counterion

conductive filler

Figure 1.6 Thermoelectric tetrahedron representing four main building blocks of TE

plastics.

The most common p-type polymers used in organic TE are:

poly(3-hexylthiophene) (P3HT)3¢-4,
- poly(3,4-ethylenedioxythiophene) (PEDOT)3441743,
- poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT)*45,

- diketopyrrolopyrrole (DPP) copolymers*6:47, 4849

All of them show a semi-crystalline structure which helps charge carrier transport. In this

thesis we are focused on the model polymer system — P3HT.

23



Chapter 1. State of the art & Fundamentals on organic thermoelectricity

1.5 Importance of poly(thiophene)s in thermoelectricity

A large number of studies have been dedicated to the model system — poly(3-
hexylthiophene) (P3HT) doped with 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FsTCNQ). P3HT is the working horse among CPs. It has been implemented in various organic
electronic devices such as solar cells, field-effect transistors, light-emitting diodes and
thermoelectric devices. P3HT is the model polymer for various fundamental studies on charge
transport properties and film morphology due to its ease of synthesis and good opto-

electronic properties.

Let us briefly demonstrate a few important findings on P3HT, relevant to its
application for thermoelectric properties. Regarding the structure of P3HT, several important
findings were made. In 2010 Kayunkid et al. have determined a structural model of P3HT using
electron diffraction on highly oriented P3HT films grown by epitaxial crystallization method.
The determined structural model underlines the importance of the hexyl side chains in the
crystallization of P3HT as well as the existence of short m-stacking distances (0.34 nm)
between successive polythiophene backbones. *° Hamidi-Sakr et al. showed that high-T
rubbing is an effective method to prepare highly oriented P3HT films with a lamellar
morphology whose periodicity is precisely controlled by the rubbing temperature. A clear
correlation is observed between the exciton bandwidth W and the average crystal size I that

limit the conjugation length in the films (extent of planarized chain segments).!

The high structural control for P3HT was an incentive to use this polymer in its doped
form to investigate charge transport in Fa TCNQ-doped films. Pingel and Neher as well as Salleo
et al. 420 studied solution-processed F4,TCNQ-doped conducting P3HT films. They found that

the HOMO-derived density-of states distribution of P3HT is broadened upon doping with
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FsTCNQ and that this broadening serves to explain the complex relationship between
conductivity and molar doping ratios varied in this study. They demonstrated that there is an

integer charge transfer between P3HT and F4TCNQ.>?

Regarding the doping methodology, Scholes et al. have introduced the sequential
processing method to improve the doped thin film quality by overcoming structural issues
related to the mixed solution processing. >3 This was an important step in improving the
material’s charge transport properties taking profit of the well-established structural control

in pristine P3HT films.

The importance of solid state order in Fa TCNQ-doped P3HT was also investigated by
Hynynen et al. Playing on the crystallinity level of pristine P3HT by adequate choice of solvent,
they demonstrated that the degree of solid-state order of P3HT, quantified by the excitonic
bandwidth W, strongly influences the electrical conductivity of vapor-doped films, leading to
an electrical conductivity of up to 12.7 S-cm™. Analysis of UV-vis—-NIR spectra revealed an
invariant F4TCNQ anion concentration for the majority of investigated samples. It was
therefore concluded that the observed increase in electrical conductivity with the degree of

solid-state order arises due to an increase in charge-carrier mobility.*°

The importance of crystalline order was also demonstrated by Lim et al. They have
made a study on F4TCNQ-doped P3HT films made of blends of regiorandom (RRa) and
regioregular (RR) P3HT. Surprisingly, they observed enhanced chain ordering in RR-P3HT upon
doping with FaTCNQ. Moreover, the crystalline regions show a higher doping efficiency than
the amorphous regions due to energetic driving force for charge transfer. Electrical

conductivity was strongly dependent on crystallinity in contrast to the Seebeck coefficient. >*

25



Chapter 1. State of the art & Fundamentals on organic thermoelectricity

Along the same line, Scholes et al. modified the crystallinity of P3HT films prior to
doping and followed its impact on charge transport properties after molecular doping with
F4TCNQ. Increased polaron delocalization is a consequence of increased P3HT crystallinity. It
leads to improved in-plane conductivity, reaching over 10 S-cm™. AC field Hall effect
measurements strongly suggest that the improved conductivity results directly from

improved charge carrier mobility.>

In 2016 Ghosh et al. presented a theory describing the spatial coherence length of
polarons in disordered conjugated polymer films. A simple relationship was revealed between
the oscillator strength of the mid-IR absorption band and the coherence function of polarons.
> |t was found that the polymer molecular weight is a major factor in determining thin film
morphology and thus the electronic properties of polarons. Ghosh et al. have investigated
theoretically and experimentally the origin of the mid-infrared (IR) spectral features for hole
absorption in doped poly(3-hexylthiophene) (P3HT) films. They have identified that in
FsTCNQ-doped films, polaron coherence lengths along the chain and stacking directions
increase with molecular weight. The theory is robust, providing a quantitative description of
the IR line shape for chemically induced (“bound”) holes as well as photoinduced and
electrically induced (“unbound”) holes in P3HT. Spectral signatures are identified which can

be used to extract the polaron coherence lengths along the chain and stacking directions.

The Coulombic interactions between the anion and the polaron were identified as a
major factor influencing the charge transport properties in doped P3HT. >’Screening of
Coulombic forces is essential to have “unbound” polarons that lead to increased charge

conductivity in P3HT. This screening can be obtained by using the appropriate dopants.
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1.6 Organic thermoelectric modules for practical application
The base unit of a TEG is a couple of two legs consisting of n-type and p-type materials
connected through metallic electrodes.>® TEG comprises hundreds of such connected couples

in an array where couples are connected electrically in sequence and thermally in parallel.

Several studies report about TE performance of non-commercial TEG.34>°®1Bubnova et
al. managed to fabricate a TE module based on PEDOT:tosylate. The fully organic TEG
consisted of 54 legs with lengths of ~40 um and with the following leg dimensions: 25mm x
25mm x 30 um. The maximum power output provided 0.128 uW under a temperature

gradient of 10K.34

Wei et al. reported the fabrication of TEG by screen-printing on paper using PEDOT:PSS
and silver paste. The fabricated large-area devices provided sufficient power to illuminate
light-emitting diodes.®? (see Figure 1.7a) This module was tested at 100 °C for over 100 h
without any encapsulation. This devices gave a power output of over 50 uW at VT of about
100 K and a remarkable thermal stability in air. However, the performance of the module

decreased with time due to the unstable interface between the silver paste and the polymer.

Liu and coworkers reported flexible polymer TEG based on poly[Kx(Ni-
ethylenetetrathiolate)] (poly[Kx(Ni-ett)]).>® (see Figure 1.7c) The film was patterned via an
electrochemical process on a pre-patterned PET substrate with a printed PDMS layer serving
as a mask. The highest power density of a device containing 18 legs reached 577.8 uW-cm

under VT =12K . An excellent stability was observed with a constant Seebeck coefficient

over 28 hours.

Nonoguchi et al. developed a small fully-bendable TE module based on

triphenylphosphine (tpp-), and TCNQ-doped single-wall carbon nanotube (SWNTSs) as n-type
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and p-type materials.® TCNQ-doped SWNTSs film had a zT = 0.073. The module was laminated
between fluorinated polymer films by hot-press under vacuum and generated roughly 6 mV

of thermo-voltage and 110 nW of power output at V7' =20K .

b) wem Temp. (°C) : » Tgmp (;g)

Figure 1.7 Examples of non-commercial TE modules: a) PEDOT:PSS modules printed on paper
sandwiched between copper plates, b) a fully-bendable TEG made from three couples of
tpp-, and TCNQ-doped SWNTs as a n-/p-type materials, respectively c) poly[Kx(Ni-ett)] TEG

with 108 legs on a flexible PET substrate. Reproduced from refs>*®%62 respectively.
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Another interesting use of TE principles —is to fabricate a wearable electronics, such as
TE fabrics. Fabric-based TE devices can serve for development of new power generating
clothing. The PEDOT:PSS coated fabric with stable TE properties from 300 K to 390 K was
presented by Du et al in 2015.%° The measured values of Seebeck coefficient of a piece of such
TE fabric was around 16 pV/K, with the PF of around 0.04 pW-mK2. Interestingly, such TE
fabric could also be used in other areas, e.g. low-power sensors, equipment used by individual

soldiers.®°

S0;”° SO3H SO3H SO;H SOy SOzH

//lf/l/l/l//I /f

™| = S

Figure 1.8 (a) Chemical structure of PEDOT:PSS, (b) SEM image and (c) digital photo of

polyester fabric after coating treatment. Reproduced from ref®°.

Another use of p-doped PEDOT:PSS for TE textile was reported by Lund et al in 2020.%3
They prepared an electrically conducting sewing thread, that was then embroidered into thick
wool fabrics with out-of-plane conductivity. A TE textile device can generate a power as high

as 1.2 uyW ata VT of 65 K, and over 0.2 uW at a more modest VT of 30 K.

These few examples show that the field of application of polymeric thermoelectric

devices happens to be quite vast with exciting new perspectives.
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Il. P3HT: a working horse among semiconducting polymers

1.1 P3HT as a good model system

Unsubstituted polythiophene were first synthesized in 1980 by Lin et al. which was
quickly followed the discovery of its iodine-doped highly conductive form. 946 Later
polythiophenes were substituted with alkyl side chains to overcome solubility and poor
processing issues of the non-substituted poly(thiophene). In particular, the family of poly(3-
alkylthiophenes) (P3AT) was developed, showing high solubility in organic solvents and easy
processing in the form of thin films. Among all P3ATs, P3HT became one of the most popular

polymer semiconductors due to its unique structural and electronic properties.

However, the addition of alkyl side chains creates an undesirable feature such as —
variable regioregularity in P3ATs. Due to the fact that 3-alkylthiophene is an asymmetric
monomer, there are three different regioisomers defined by the relative orientation of the
two thiophene rings when coupled between the 2- and 5-position: 2-2" or head-to-head

coupling (HH), 2-5’ or head-to-tail coupling (HT), and 5-5’ or tail-to-tail coupling (TT).
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Figure 1.1 Coupling regiochemistry of P3HT isomers. Reproduced from ref®®
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The mixture of coupling will produce RRa P3HT. The disordered positions of alkyl side
chains induce twisting of thiophene units and as a result a strong reduction of the conjugation
length. RRa P3HT cannot crystallize well and amorphous films are formed from solution with
poor charge transport properties (<10 cm?/V's). The most favourable coupling in terms of
structure and electronic performances is the HT one. RR polythiophenes, that contain
exclusively HT coupling, can adopt a planar conformation of low energy with extended -
conjugation which is favourable for the semi-crystalline structure which in turn leads to good

charge transport properties.3®

0.25

0-2

0201 solution

state

I
o1
A, [
I
I

0.15 dry film

0.10 4

Absorbance (a.u.)

0.05 4

0.00 4

L} T T T T T
400 450 500 550 600 650 700
Wavelength / nm

Figure I1.2 Controlled dissolution and recrystallization of P3HT thin films in CS; solvent

vapour. Reproduced from ref®’

Efforts in the synthesis of RR P3HT made it possible to prepare almost 100% RR P3HT.

68 This is one of the reasons why this polymer focused a lot of attention from the scientific

community.

Let us consider the correlation between optical properties and morphology in P3HT.
Figure 1.2 shows the evolution of the UV-Vis absorption spectra in thin films of P3HT

subjected to a vapor of CS,. Upon progressive reduction of the vapor pressure of CS,, the film
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transits from a solution-like swollen state to the solid state. It is a well-known that
crystallisation of conjugated polymers results in a red-shift and appearance of a vibronic
structure characteristic of the aggregated state. Spectra of the solution-like state has a
maximum at 460 nm. Spectra in the aggregated state has three main peaks at 603 nm, 560
nm and 520 nm labelled as Ao, Ao-1 and Ao-2. Ag-o dominates in J-aggregates whereas in H-

aggregates Ao.1 is always more intense.

Clarke et al. and Spano et al. found that the redshift is closely related to the conjugation
length of the planarized polymer backbone in the aggregates (crystals). The vibronic structure
of the solid state crystalline P3HT is caused by different electronic transitions from the first
vibrational state of the ground state to another vibrational state of the 1 excited state (0-0,
0-1, 0-2, ...). This was deduced using Frank-Condon principle — the approximation that an
electronic transition occurs without the change in position of the nuclei in the molecular

entity. ©°
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Figure 1.3 (a,b) Molecular orientations within conventional J- and H-aggregates, (c)
Absorption and PL spectra of P3HT nanofibers grown in toluene, (d) Absorption and
photoluminescence (PL) spectra of a P3HT film cast from a chloroform solution. Panels

reprinted from refs 7072

32



Chapter 1. State of the art & Fundamentals on organic thermoelectricity

P3HT in solution forms aggregates whose structure depends on the nature of the solvent. Two
possible aggregate types initially developed by Kasha et al. that can occur upon crystallization:
H-aggregates and J-aggregate.”® According to a definition given by Spano and Silva’? : In J-
aggregates, neighbouring chromophores are oriented in a head-to-tail fashion, resulting in a
negative excitonic coupling. Conversely, in H-aggregates, nearest-neighbour chromophores
are oriented in a more side-by-side manner, resulting in a positive excitonic coupling. This is
directly related to the orientation of the transition dipole moments often called “side-by-side”

transition dipoles with H-aggregates and “head-to-tail” transition dipoles with J-aggregates.

In this thesis we are interested in form | P3HT films i.e. H-aggregates where so-called
“side-by-side” transition dipoles result in a strong delocalization of electron orbitals along

the chain direction.

Form | P3HT shows a typical correlation between solid-state order and optical
properties. Enhanced 0-0 transition is related to the level of crystallinity/conjugation length.
The work by Spano et al. determined the following relation between the absorbances of the

0-0 and 0-1 transitions and the excitonic bandwidth W in a weakly interacting H-aggregate.”*:

Ay ( 1-0.24W / E, ] )
A, (1+0.073W /E,

where Ep is the intramolecular vibration mode (0.18 eV) and the Ag-o/Ao-1 ratio is taken

from the absorption spectra of the film.
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1.2 Structure of semi-crystalline P3HT

P3HT — by its nature is a semi-crystalline polymer. Most crystallizable polymers are never
100% crystalline material, they always contain a fraction of amorphous polymer. Semi-
crystalline polymers consist of ordered crystalline domains with well packed polymer chains
that alternate with amorphous parts containing chain ends, chain folds, chemical defects (e.g.
break of conjugation). There are also so-called tie-chains connecting crystalline zones through
amorphous interlamellar zones. This original semi-crystalline structure of polymers is a

consequence of chain folding.
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Figure 1.4 Calculated (a) and experimental (b) electron diffraction patterns corresponding
to the determined crystal structure of P3HT, (c) - Projections of the P3HT crystal structure

along the a, b, and c axes of the unit cell. Reproduced from ref *° a, b and ¢ directions in the
34



Chapter 1. State of the art & Fundamentals on organic thermoelectricity

unit cell of P3HT correspond to alkyl side chain direction, pi-stacking and monomer repeat

directions, respectively.

Mena-Osteritz et al. studied chain folding in poly(alkylthiophene)s using scanning
tunnelling microscopy (STM).”# In their in situ measurements, they were able to achieve sub-
molecular resolution and determine various molecular parameters of the conjugated

polymers such as interchain distances, chain lengths.
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Figure I1.5 Schematic representation of the microstructure in semi-crystalline Rr-P3HT as a
function of molecular weight. The crystalline domains are shown in projection along the -
stacking direction. The chains in the crystalline lamellae are drawn in green while their

sections located in the amorphous interlamellar zones appear in red. Reproduced from ref 7>

Beside linear chain segments, folding of the polymeric conjugated chains was observed

and analysed. In 2006, Brinkmann and Wittmann studied the structure of thin P3HT films
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prepared by epitaxy. They demonstrated the semi-crystalline structure of P3HT using
transmission electron microscopy (TEM). A periodic alternation of crystalline lamellae
separated by interlamellar amorphous zones with a total periodicity of approximately 28 nm
was clearly observed in the bright field mode.’® Later, Kayunkid et al. performed a more
detailed structural analysis of thin P3HT films prepared by epitaxy by means of TEM. *°

Rotation-tilt experiments helped establish a structural model of form | of P3HT.

The unit cell was found to be monoclinic with a space group P21/c. The unit cell contains
two chains with four monomers per unit cell (a=1.60 nm, b=0.78 nm, c=0.78 nmandy =
86.5°). (see Figure I1.4) Brinkmann and Rannou have investigated the effect of molecular
weight My, on chain packing and semi-crystalline structure of P3HT. They have observed semi-
crystalline lamellar morphology in the bright field TEM mode.”> (see Figure I1.5). For low My,
short polymer chains form crystalline lamellae with extended chains. Chain folding does not
occur at My < 7.3 kDa. The increase of the fluctuations of the lamellar thickness is observed
whose average value does not scale with My,. The increase of the total lamellar periodicity is
mainly related to the increase of the width of the amorphous interlamellar zones. They have

also found that the higher the My, of the polymer, the lower the average crystallinity.

In thin films, the crystalline domains consisting of array of w-stacked polymer backbones can
have different orientations with respect to the substrate. Depending on the preparation
conditions, P3HT domains can adopt either face-on or edge-on orientations relatively to the
substrate. In case of the face-on orientation, thiophene rings are facing the substrate so that
a and c axis are lying in the plane of the substrate. In case of the edge-on orientation, the -
stacking direction is in the plane so that b and c¢ axes are lying in the substrate plane.
Depending on the preparation method, both orientations can exist separately or together.

Generally, the edge-on orientation is thermodynamically more favourable and therefore
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easier to obtain by simple methods such as drop-casting and spin-coating from high boiling
point solvents’’. The face-on orientation of P3HT is often regarded as a kinetically trapped
morphology ’8. It can be produced under shear forces, e.g. by the friction-transfer’® method

or by mechanical rubbing®?.

The crystallinity and the morphology of P3HT films can be affected by several parameters,

such as:80

- the thin film preparation method (spin-coating, doctor-blading, drop-casting, etc.)
- the macromolecular parameters (Mw, RR, polydispersity (PDI))

- the nature of the substrate

In 2009 Clark et al. analysed the linear absorption spectrum of RR P3HT films spun
from different solvents in order to probe directly the film microstructure and how it depends
on processing conditions.”! They demonstrated that the absorbance spectrum by itself can be
used as a simple yet powerful probe of thin film excitonic coupling, intrachain order and
fraction of crystalline regions within the film.”*

Hynynen et al. have performed a systematic study on the effect of the solid-state order
on conducting properties of F4ATCNQ doped P3HT films.*? They used the excitonic bandwidth
parameter W, extracted from the Ao.o/Ao1 ratio as a marker of film crystallinity. The higher
W, the lower is the crystallinity. Hynynen et al. prepared a series of P3HT spin-coated films
from a large palette of organic solvents. Samples prepared from chloroform and cyclohexane
showed the lowest degree of the solid-state order (W~130meV). In case of chlorobenzene
(CB)/orthodichlorobenzene (oDCB) the excitonic bandwidth was 110-60 meV depending on a
P3HT batch. A high degree of the solid state order was achieved in thin films prepared from

solutions in p-xylene (W~50-30 meV).
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11.3 Lamellar structure of oriented P3HT
Brinkmann and Wittmann, in their original work on structure of thin P3HT films prepared
by epitaxy, were able to uncover the semi-crystalline structure of P3HT using TEM. They
demonstrated that P3HT is characterized by hierarchical order at three main length scales: i)
the m-m stacking distance of 0.38 nm between polythiophene backbones, ii) the interlayer
distance of 1.6 nm between 2D sheets of conjugated polythiophene backbones separated by
planes of alkyl side chains, and iii) a periodicity of 28 nm corresponding to the semi-crystalline

lamellar organization.’®
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Figure 11.6 a) TEM BF images of the lamellar morphologies in oriented P3HT films prepared

by rubbing at different temperatures Tr. b) Dependence of the dichroic ratio DR at 610 nm
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(full squares) and of the 3D order parameter (full grey circles) defined as (DR - 1)/(DR + 2) as
a function of Tg. ¢) Variation of the inverse of the lamellar period | extracted from the Power
Spectrum of the TEM BF images as a function of the supercooling where Tp° is the melting

temperature of an infinite-sized P3HT crystal. Reproduced from ref >!

Hamidi-Sakr investigated by TEM the effect of high-temperature rubbing at a
temperature Tr on the structure of P3HT films. °! It was found that for Tr < 100°C the dominant
contact plane is mainly face-on with some non-oriented edge-on crystalline domains. For Tr
above 171°C, both oriented face-on and edge-on domains are present. The lamellar structure
is clearly seen in the bright field TEM mode (see Figure 11.6 (a)). The alternation of crystalline
lamellae with amorphous regions is observed in the direction perpendicular to the rubbing
direction R. Interestingly, the periodicity of the lamellae increases with the rubbing
temperature. Hamidi-Sakr et al. were the first to observe the scaling of the lamellar periodicity

of P3HT with the undercooling following the relation ' oc (T —T,)where T, is the

equilibrium melting temperature of an infinite size crystal. Such an evolution of lamellar
period with crystallization temperature is well known for classical polyolefins such as

polyethylene. &

Figure 11.7 schematically explains how the thin film morphology changes with Tg. Crystalline
domains represented in red demonstrate stacks of planarized backbones both with face-on
and edge-on orientation on the substrate. Disordered regions contain twisted backbones with

disordered side chains and chemical defects, that interrupt the formation of the crystal.

Regarding the charge transport properties, the anisotropy of charge carrier mobility

Ly//uL is shown to decrease with Tg. Interestingly, the mobility parallel to the chains, /, does
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not substantially evolve with improved crystallinity. This is explained by the presence of
amorphous interlamellar zones that hamper charge transport along the rubbing direction
whatever the value of Tg in the range 144 °C-217 °C. In strong contrast, the hole mobility
perpendicular to R, i, that increases with Tr is more clearly correlated to both the film

crystallinity and the proportion of edge-on crystals in the films that also increase with Tr.
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Figure I1.7 Schematic illustration of the structural evolution in rubbed P3HT films as a
function of the rubbing temperature Tr and impact on charge transport. For clarity, only the
crystalline domains are represented, the amorphous areas are highlighted in light pink. A

certain number of tie chains linking successive crystalline domains as well as chain ends are

shown in blue within the amorphous zones. Reproduced from ref>*

11.4 Structure of smectic-like P3HT

Hartmann et al. have studied the structure of P3HT thin films prepared by two different
methods such as epitaxy and mechanical rubbing at room temperature. Both methods result

in two different structural morphologies semi-crystalline and smectic-like, respectively. (see
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Figure 11.8) The so-called smectic-like P3HT structure bears characteristics of a liquid
crystalline mesophase and differs from the classical semi-crystalline phase. In the case of the
semi-crystalline phase, crystalline domains are composed of pi-stacks of P3HT backbones, for
which one has a strict periodic order along the ¢ direction within individual (b,c) planes. Every
second backbone along the b axis has a ¢/2 shift with respect to the next one so that there is

a regular translational order from one layer to another. (see Figure 11.8)
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Figure I1.8 Schematic comparison of the P3HT film structure prepared by epitaxy and
mechanical rubbing. In epitaxial layers, translational order is present along all three unit-cell
directions. As seen in the upper right corner, the unit cell of P3HT contains two P3HT chains
with a well-defined shift along the b axis. Epitaxial films grow in the semi-crystalline
structure whereas films rubbed at ambient temperature show the smectic-like phase due to

the stacking disorder along the c axis. Reproduced from ref®?
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In the of case of the smectic-like phase, no such regular translational order is observed
within the (b,c) planes. Stacking disorder is present along the direction of the polymer
backbone as evidenced by the absence of the 0 0 2 reflexion on the diffraction pattern of the
rubbed P3HT films (it corresponds to the periodicity between successive monomers along the
backbone direction).8?2 The level of order in the smectic-like films is much lower as compared
to the semi-crystalline phase as evidenced from UV-Vis absorption spectra of both films and
the difference in the Ag.o/ Ao-1 ratio. Overall, 3D translational order is present in epitaxied
P3HT films. This is expected to favor electronic delocalization contrary to the RT-rubbed P3HT

films that show a 2D smectic-like order.

I1.5 Variety of polymer alignment methods

Polymer orientation methods are powerful tools to introduce the alignment of
polymer backbones within the film and as a result improve the structural, optical and charge
transport properties of the material. Aligned polymer films demonstrate improved
crystallinity, polarized absorbance/luminescence and anisotropic charge transport
(mobility).384476:83-85 Different orientation techniques can give different film morphologies,
that will result in different optical and charge transport properties. Below, we describe the
main polymer orientation techniques reported in the literature that can be classified in four

groups:

e orientation by applying a shear force (friction transfer, mechanical rubbing)
e orientation using orienting substrates with matching unit cell parameters (epitaxy)

e orientation by stretching (strain alignment, tensile drawing)
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e orientation by flow of a polymer solution (flow-coating)

The efficiency of the orientation depends on the orientation technique and polymer
characteristics such as molecular weight, rigidity of the polymer backbone, nature and length

of side chains, film thickness, etc.

a) Friction transfer

This method was pioneered by Smith and Wittmann to prepare oriented poly
(tetrafluoroethylene) (PTFE) layers. 8 The method is based on friction-transfer of a thin
polymer film using a solid polymer pellet. First, a polymer powder is compressed in the form
of a pellet/cylinder, then by applying a high pressure on the pellet (a few bars) using a

pneumatic piston, a thin film is deposited on a continuously moving hot substrate.

Nagamatsu et al. reported high dichroic ratio of 10-100 for P3HT and
poly(dodecylthiophene) (P3DT) deposited by friction transfer. 7° The polarized UV-vis
absorption spectra showed large dichroism along the direction of friction-transfer. The order
parameter determining the level of orientation was found to be close to unity. GIXD
measurements show that alkyl side chains lie in the film plane, and the polymer backbones
are well-ordered along the direction of friction-transfer within £10° for P3HT and +13° for

P3DT to the drawing direction.”®

The hole mobility along the drawing direction was enhanced by a factor of 25 compared
with that of spin-coated film. & This technique can be applied to insoluble polymers. & The

main disadvantage of this method is that the film thickness is difficult to control and the
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substrate has to be heated at a sufficiently high temperature for film deposition.

Furthermore, production of pellets requires large amounts of material.
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Figure I1.9 a) Friction transfer deposition of an oriented SCP film. A polymer pellet is applied
with a given pressure against a moving hot substrate whereby a thin oriented polymer layer
is deposited. b) Polarized UV-vis absorption spectrum of P3HT films oriented by friction

transfer. ¢) GIXD line scans obtained for friction-transferred P3HT Reproduced from ref 7>%°

b) Flow-coating

Orientation using doctor-blade is another technique for polymer alignment. A hot
polymer solution is deposited between the blade and the substrate while the stage is
subsequently moved at a speed of 2 mm/s so that the solution spread evenly underneath the

blade. Delongchamp et al. have investigated this technique by producing thin oriented PBTTT
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films.3® This films were found to show a new and original morphology called “ terraced
ribbons” using Atomic Force Microscopy (AFM). The lateral widths of the domains is around
60 nm and their length exceeds 10 um. Adjacent ribbons share a common orientation as
indicated by AFM.38 However as-coated films did not show very high orientation and further

annealing was required to improve the orientation.

Figure 11.10 a) Orientation of a pBTTT film using the flow-coating method. b) Schematic
illustration of the oriented ribbon phase of pBTTT. c) AFM image of a flow-coated pBTTT film

after thermal annealing. Reproduced from ref3%#

c) Epitaxy

Epitaxy can be defined as a directed growth of a material on the surface of a crystalline
substrate along one or several preferential crystallographic directions.® Epitaxy is largely
used in the semiconductor industry in silicon-based devices. Interestingly, this method can be
effectively used for semi-crystalline polymers. A variety of substrates such as NaCl, KCl,
aromatic crystals (e.g. 1,3,5-trichlorobenzene (TCB)) can be used fro this purpose. The

substrate must be chosen using certain criteria for a given polymer. For epitaxy to be
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effective, it is admitted that a mismatch less than 10-15% between the unit cell parameters

of the substrate and the polymer must be observed.

In 1980s Wittmann and Lotz have extensively studied epitaxial growth polyethylene
(PE), n-paraffins, aliphatic polyesters, and various polyamides using benzoic acid crystal
substrates with specific crystal faces consisting of the periodic arrangement of aromatic units.
%0 Using electron diffraction, they found that PE offers a wide range of interchain distances in

its two phases: orthorhombic and monoclinic. °?

Later in 2000s Brinkmann and Wittmann have studied directional epitaxial crystallization
of P3HT on TCB substrate.”® A P3HT solution was crystallized using TCB crystals that played
the dual role of solvent and orienting substrate. TCB is a unique solvent that has a form of a
powder at room temperature. Furthermore, along the direction of the fiber axis of P3HT,
which is parallel to crcs, a very close matching between the repeat distance of the thiophene
units in P3HT (| cpsnt/2 |=0.385 nm) and the repeat distance of TCB molecules (0.39 nm) along
creg is observed. This allows to mix directly P3HT and TCB between two glass slides and heat
it at 63° to obtain a solution that can subsequently be crystallized unidirectionally in a
temperature gradient to obtain an oriented semi-crystalline polymer. Once crystallized, the
TCB crystals that served as an orienting substrate can be evaporated under vacuum. The
typical fingerprint of the semi-crystalline structure of P3HT is the periodic alternation of
crystalline lamellae separated by amorphous zones as observed by TEM and AFM. 76 Later,
Brinkmann and Rannou studied the effect of molecular weight (M) of P3HT on the structure
and morphology of the oriented thin films grown on TCB. It was found that the overall
crystallinity as well as the orientation of the crystalline lamellae decrease significantly with
increasing My.%? In 2012, Brinkmann et al have studied the crystalline structure of the

naphthalene diimide (NDI)-based alternated copolymer (PNDI20ODT2) films prepared by
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epitaxy on TCB and friction-transferred PTFE. Oriented films of two polymorphs of

PNDI20DT2 (form | and form Il) were prepared.

d)

STEP 1: Drop cast/spin coat a P3HT film

STEP 2: Drop cast K-BrBz solution in hexanol

b ) L=40-50nm A=25-30nm

K-BrBz crystals

STEP 3: Isothermal annealing + rinsing the K-BrBz with ethanol

epitaxied P3HT areas

Figure 11.11 Bright field (a) TEM image and electron diffraction pattern (c) of an oriented
P3HT film grown on the 100 crystal surface of K-BrBz at 180°C. Note the alternation of dark
and brighter stripes in the oriented domains. The two preferential in-plane orientations of
the P3HT chains (cp3u7) are depicted by two arrows. (b) Scheme showing the organization of
the nanostructured P3HT films grown on K-BrBz substrate. Crystalline zones are shown in red
while amorphous interlamellar zones are colored in blue. (d) Scheme illustrating the three
main steps of the epitaxial growth of oriented P3HT thin film prepared on K-BrBz.

Reproduced from ref °3
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Form | was obtained by epitaxy on TCB, where segregated stacks of bithiophene (T2) and
naphthalene diimide occurs. Highly oriented films of form Il with mixed stacks of two the NDI
and T2 units were obtained by epitaxy on PTFE substrates after melting at T = 300 °C and
cooling at 0.5 K/min.?* In 2010, Brinkmann et al. studied the structure of epitaxially grown
P3HT films on the surface of platelet-shaped crystals of (potassium 4-bromobenzoate)
(K-BrBz). The preparation method of highly oriented and nanotextured P3HT films consist of
three steps: 1) forming a drop-cast P3HT film on a glass substrate, 2) drop-casting a K-BrBz
solution in hexanol atop the P3HT film to form large K-BrBz crystals, and 3) isothermal
annealing of the P3HT film to induce orientation of the polymer on K-BrBz. Upon further
rinsing with ethanol, the K-BrBz substrate is removed leaving large areas of highly oriented
P3HT on the glass substrate. Transmission Electron Microscopy showed that the oriented
P3HT films consist of a regular network of interconnected semi-crystalline domains oriented
along two preferential in-plane directions of K-BrBz.%3 (see Figure 11.11) Most importantly, the
mechanism of orientation is not a true epitaxy based on surface-lattice matching but involves

the step edges of the K-BrBz substrate.

d) Mechanical rubbing

The technique of mechanical rubbing was widely used for orienting polyimides for the
alignment of liquid crystal molecules. °> At first, a polymer film is deposited by spin-coating,
drop-casting or doctor-blading on a substrate. Second, the film is rubbed by using a rotating
cylinder covered with the microfiber cloth and a translating plate on which the polymer film
is fixed. The mechanism of alignment is based on the shear forces at the interface between

the polymer and the microfiber cloth on the rotating cylinder.
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Controlled parameters during the rubbing process are:

v" Number of rubbing cycles
v Rotational speed of the cylinder
v Speed of the translating stage

v' Temperature of the stage (Tr)

a)

Step 1: Preparation of a r
P3HT film by ‘-Mlmmﬂlﬂ'ﬂnonlghum/
doctor blade - C )

Step 2: Rubbing of the

P3HT film gives
rise to an oriented
semi-crystalline (=]
P3HT film. =
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&
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Figure 11.12 (a) Schematic representation of the rubbing method. In a first step a non-
oriented film is deposited onto a solid substrate. In a second step, the film is rubbed using a
rotating cylinder covered with the microfiber cloth. Reproduced from ref°®, (b) - UV-vis
absorbance spectra of P3HT thin films (M, = 17.2 kDa) oriented by rubbing at Tg, (c)
Evolution of the dichroic ratio measured at 550 nm for rubbed P3HT films corresponding to
different molecular weights in the range 6.4—70 kDa as a function of the number of rubbing

cycles. Reproduced from ref?
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Kajiya et al. report 8-times improvement of out-of-plane mobility in thin P3HT film. ¥
According to the results of grazing-incidence X-ray diffraction measurements, the increase of
face-on component of P3HT by rubbing was observed and corresponds to the increase of n—
1t staking of thiophene rings along the out-of-plane direction.®” Hartmann et al compared the
structure of P3HT films prepared by epitaxy and mechanical rubbing at room temperature.
The molecular weight was found to impact strongly the level of orientation: the lower the My,
the higher the in-plane orientation induced by rubbing (see Figure 11.12.c). Anisotropy of
charge transport was studied in OFETs. It was observed that P3HT with low My, of 6.4 kDa
demonstrates remarkable anisotropy of the hole mobility /L ~ 20, whereas films with My

of 35 kDa rubbed at ambient show a limited value of p/,/pL ~ 2.

Brinkmann and coworkers further developed the method of rubbing by changing the
temperature of the film upon rubbing. Together with Tremel et al. they we able to test it on
P(NDI20OD-T2) alternated copolymer and obtain FET mobility of 0.1 cm?V ~1.s7! along the
rubbing direction.®® Biniek et al. applied the so-called high-temperature rubbing to C12-pBTTT
and p(NDI20DT2), respectively.®® The increased plasticity of the conjugated polymer films of
PBTTT for 50°C £ Tr £ 125°C gives high in-plane orientation by mechanical rubbing of the films.
High resolution TEM shows the in-plane alignment of C1,-pBTTT chains and increase in size of

the oriented domains with Tg.%°
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e) Strain alignment
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Figure 11.13. a) Evolution of the dichroic ratio A ;// A 1 as a function of strain applied to
the P3HT thin films. b) Anisotropy of mobility in strain aligned P3HT films in OFETs. The lower
inset illustrates the orientation of the gold electrodes relative to the strain direction.

Reproduced from ref'®

Strain alignment is a technique whereby a stretchable substrate such as polydimethyl-
siloxane (PDMS) is used to communicate strain to the polymer semi-conductor layer. A
polymer film is deposited on a PDMS substrate which is stretched afterwards and polymer
crystals are subsequently aligned with their chain direction along the stretching direction.
O’Connor and co-workers applied a method of strain-alignment to P3HT, showing several
important features of charge transport. The in-plane mobility increases in the applied strain
direction and decreases in the perpendicular direction. The obtained optical dichroic ratio is
4.8 and the charge-mobility anisotropy p//uL is close to 9 (see Figure 11.13). This alignment
method provided a simple and effective mean to investigate charge-transport correlations in
polymer semiconductors albeit the obtained alignment is rather limited and much lower than
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for high-T rubbing.1® Xue et al. improved this method to orient PBTTT with large ordered
domains by adjusting the temperature of the PBTTT films upon drawing. The temperature is
kep above the crystal->LC transition so that side chains become liquid-like and thus the

polymer can be readily aligned .83

f) Tensile Drawing

Tensile drawing differs from other technique by the fact that it concerns free standing
films i.e. films several micrometers in thickness. The film is fixed on both sides and the
force is applied on both ends in opposite directions at constant speed. (see Figure Il.14a)
Mechanical properties of different polymers were studied using this method. The drawing
behaviour above the glass transition temperature has been studied for various viscosities
of polyethylene terephthalate. ' Mechanical and electrical properties of oriented
poly(2,5-thienylene vinylene) (PTV) films have been investigated by Zhang and Smith.
They have demonstrated that the drawing process is quite efficient for this polymer. PTV
films were obtained with Young's moduli of ~7 GPa and with an electrical conductivity of
10% S/cm, after doping with iodine.’°? Hynynen et al. have studied tensile-drawing on free
standing P3HT films. Sequential doping of the oriented P3HT films with a molybdenum
tris(dithiolene) complex lead to a 5-fold enhancement of the power factor up to 16 pyW
m~t K2 and a conductivity of about 13 S-cm™ along the drawing direction.*® (see Figure
[1.14c) A disadvantage of this technique is related to the fact that it applies to bulk P3HT

films i.e. requires a large amount of polymer.
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Figure 11.14 (a) Stretched film of P3HT, clamped in a DMA instrument, (b) - Wide angle X-ray
scattering (WAXS) patterns of and tensile drawn P3HT (A ~ 4, arrows indicate drawing
direction) sequentially doped with Mo(tfd-COCF3)s, (c) - (a) Seebeck coefficient ot and (b)
power factor a?c as a function of electrical conductivity o for P3HT doped with Mo(tfd-

COCF3)s (triangles) and F4TCNQ (circles). Reproduced from ref'%
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11.6 Anisotropy of charge transport in polythiophenes

Anisotropy of charge transport (CT) in polythiophenes is an important feature due to
the well-defined monoclinic unit cell. Monoclinicity implies that the three axes of the unit
cell have unequal lengths and that one angle of the unit cell is different from 90°. This
results in highly anisotropic CT, which is the most efficient along the backbone direction
(c), less efficient along the pi-stacking direction (b) and quite poor along the side chain
direction (a). CT along the c-direction is also called — intrachain, whereas the other ones

are referred as interchain CT.

Lan et al. applied quantum mechanical calculations and molecular dynamic methods
to examine CT in P3HT in both ordered and disordered states. 1% Typical values of the
intrachain hole mobility is about 1 cm? V! s, which is larger by several orders of
magnitude than that along the interchain direction (~102 cm? V! s). This clearly
illustrates that the main dominating CT route within the P3HT ordered domains is along
the intrachain direction instead of the interchain direction. Lan et al. used the P3HT single
fibril as the transport medium. Calculated mobility values of 102 cm? V- s are close to
the experimental values in the literature. They also reported that in the disordered
domains, the CT can occur via the interchain route through so-called crossing points
formed by close contacts between chain ends/loops or the intrachain route along the

bridging chains.1%*

Following the directional epitaxied crystallization method proposed by Brinkmann et
al.’8, Jimison and coworkers have studied CT anisotropy due to grain boundaries in such
films.1% They showed that grain boundaries anisotropy leads to substantial charge-

transport anisotropy at least one order of magnitude higher along the chain than in the

54



Chapter 1. State of the art & Fundamentals on organic thermoelectricity

perpendicular direction. O’Connor et al. were able to achieve anisotropy of mobility up to
Ly//uL = 9 in the strain-aligned P3HT films.1% Hamidi-Sakr et al. achieved FET anisotropy
of mobility ~ 15 for thin P3HT films oriented by high-temperature rubbing. ! Hartmann
et al. have compared CT and structural properties of P3HT films prepared by directional
epitaxial crystallization and high-temperature rubbing for P3HT of different Mw. For low-

Mw batches, the anisotropy reaches the value of y//pL ~ 22.

CT anisotropy in oriented PBTTT was investigated by Biniek et. al.®® The hole transport
anisotropy was measured in OFETs for highly in-plane oriented face-on as well as edge-on
oriented films. Different annealing conditions were applied for oriented films to further
improve the in-plane alignment. The anisotropy of hole mobility varied in the range 7-70
with the highest mobility value around 4-103 cm? V! s along the rubbing direction and

the highest anisotropies for the films showing oriented face-on crystals.

In the current thesis we applied the high-T rubbing method in order to improve the in-
plane alignment of the P3HT films oriented at different Tr. Orientation at high
temperature allows to improve both alignment and crystallinity of polymer layers prior
introducing the charge carriers in the structure. Introduction of the charge carriers in the
polymer film by doping is a necessary step to make the polymer films highly conductive.
In the next subsection we will consider in details the doping process of conjugated

polymers as well as different doping methods and doping mechanisms.
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lll. Doping as a doorway to highly conductive TE material

Doping is a way to introduce charge carriers into a pure semiconductor in order to
improve its electrical performance. Brédas and Street stated that the doping of conjugated
polymers is best viewed as a redox reaction: 1% “The insulating neutral polymer is converted
into an ionic complex consisting of a polymeric cation (or anion) and a counterion which is the
reduced form of the oxidizing agent (or the oxidized form of the reducing agent).” Therefore,
the important criterion in the choice of the polymer:dopant system is the ease of
oxidation/reduction. m-conjugated polymers are suitable for this kind of reaction due to

presence of delocalized m-electrons.

I1l.1 Charge carriers in conducting polymers

Introduction of the charge carriers (CC) in the polymer system can be done by several
ways: chemically, electrochemically or using so-called acid-base doping. Chemical doping is
performed by means of redox reaction between polymer and dopant. Whereas
electrochemical doping is performed in the electrochemical cell when the polymer is placed
on one of the electrodes in the electrolyte solution and doping occurs when the potential is
applied between electrodes. 107108 |n the current thesis, we are only interested in chemical

doping.

When charge carriers are introduced in the polymer, new energetic levels appear in the

polymer bandgap (Eg). Doping of CPs always includes the following processes:

» the positive/negative charge introduced in the mt-electron system of the polymer

gets neutralized by reduced/oxidized dopant;
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» this leads to a local lattice distortion that possess a spin 1/2 due to the presence
of the charge on the polymer backbone. Such an electron/hole moving through

a periodic potential of the crystal lattice is called a polaron.

Polarons are the main charge carriers in polymer SCs. The polaron is a radical ion (with
a spin 1/2) associated with a lattice distortion and the presence of localized electronic states

in the gap referred to as polaron states.'% (see Figure 1l1.1)
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Figure Ill.1 Schematic illustration showing (a) Formation of polaron, bipolaron and
bipolaron bands as a function of doping of CPs; (b) Merging of bipolaron bands with
conduction and valence bands at very high doping levels; (c) Gaussian distribution of

localized states in the HOMO and LUMO orbitals of CPs. Reproduced from ref 1°°
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Further removal/addition of an electron from the polaron can further, give rise to new
spinless specie known as bipolaron which is a radical ion pair linked with polaronic distortion.
This is possible only at very high doping levels when the CC concentration reaches a certain

level.10°

In the case of p-type doping, an electron form the CP is removed from the highest
occupied molecular orbital (HOMO) and transferred to the lowest unoccupied molecular
orbital (LUMO) of the dopant molecule, thus turning a dopant molecule into its anionic form
while leaving a hole on the polymer backbone. The hole is delocalized over several monomers

turning the semiconducting polymer into a conducting one.

The charge carrier transport mechanism in semiconducting (SC) polymers is affected by
both energetic and spatial disorder. Due to the electrostatic interactions between the polaron
and the dopant, the chagre carrier can be trapped on the polymer chain. Trapping of the
polaron due to the presence of the anion is very important for lightly doped organic materials
due to the low dielectric constant (g ~ 3) of the medium. Such traps reduce significantly the

CC mobility. The force of the electrostatic interaction is defined as the well-known Coulomb

force: | F |- % . As seen from the formula, besides the charges of two species ¢,, ¢,, two
TEE, T

important parameters affecting the interaction between the polaron and the anion are the
dielectric constant € and the distance r between them. A low dielectric constant results in a
large size of the trap, thus interrupting the efficient charge transport (CT). However, at higher
anion concentration, the influence of these traps tend to be reduced due to the overlap
between the Coulombic fields of successive traps: the charge carriers experience an average
electric field.1% The increase of ¢ is a crucial point for any conducting organic material. For

instance, in a solar cell, a low dielelectric constant leads to a higher charge recombination
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rate which directly affects the solar cell efficiency. 11° In the case of thermoelectric organic
materials, € can be increased by choosing for instance metal-organic dopants that significantly
improve the polaron delocalization, hence the charge conductivity or by tuning the polymer
side chains. 114112 Qj et al. report a strong enhancement of hole injection in N,N’-di-[(1-
naphthyl)-N,N’-diphenyl]-1,1'-biphenyl-4,4’-diamine (a-NPD) — standart hole transporting
material via formation of a narrow depletion region upon doping with molybdenum

dithiolene complex.%3

Hynynen et al have studied P3HT films oriented by tensile drawing and doped by
F4sTCNQ and Mo(tfd-COCF3)s;. They evidenced a 4-fold increase in conductivity for Mo-based
dopant as compared to F4TCNQ.1°® It has been previously reported that Molybdenum
trisdithiolene complex is a stronger oxidant than F4TCNQ, with a LUMO around -5.6eV versus
-5.2eV for F4TCNQ. '** Liang et al. studied a series of dopants (including Mo-based dopants
and FeCl3) with varying sizes and electron affinities with polymers of differing ionization
energies.!'®> They demonstrated that large molybdenum complexes led to more delocalized
polarons in comparison to FeCls and therefore reduced to Coulombic interaction between the

polaron and dopant anion leading to a better electrical conductivity.

111.2 Doping mechanisms and the most common types of dopants

Two doping mechanism are possible through chemical doping of organic

semiconductors: i) acid-base doping and ii) redox doping.

Basically, in case of the acid-base doping the transfer of either a cation (proton, H*) or
an anion (hydride, H’) to the semiconductor occurs upon doping (see Figure 11l.2b). When a

hydride is transferred to the polymer backbone, one talks about n-type doping (base-doping),
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whereas in case of a proton - p-type doping is involved (acid-doping). ® Polythiophenes such
as P3HT and PBTTT can be acid-doped as well as polyaniline. Patel et al. report high electronic
conductivity and, in turn, a large power factor of 100 uW-m=-K2in thin films of PBTTT vapour-
doped by FTS (see Figure 1.2 below). * Numerous studies report successful doping of
polyaniline with camphor sulphonic acid (CSA), dodecyl benzene sulphonic acid (DBSA) and
other protic acids. 1718 Kroon et al. reported thermally activated doping of P3HT free-

standing films using ethyl-benzene sulphonic acid (EBSA) yielding a maximum conductivity of
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Figure Ill.2 a) Variety of dopants: acid—base (top) and redox dopants (bottom), b) Energetic
diagrams illustrating the principles of acid-base (top) and redox doping (bottom). Reproduced

from ref®

Base-doping were actively used in order to dope alternated block copolymers such as
P(NDI20OD-T2) and other naphthalene diimide-based low-bandgap alternated copolymers

with either 4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine
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(N-DMBI) or with a similar compound - 4-(1,3-Dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)-

N,N-diphenylaniline (N-DPBI). 108113-121

Redox doping occurs through the electron transfer from donor to acceptor. Transfer of
an electron from the HOMO of the conjugated polymer to the LUMO of the acceptor dopant
molecule gives rise to p-doping, whereas transfer from the HOMO of a donor dopant
molecule to the LUMO of the polymer leads to n-doping. (see Figure lll.2b) Therefore a match
between HOMO/LUMO levels of a polymer and dopant as well as a sufficient offset between

the two levels involved in the charge transfer are crucial parameters for successful doping.

One of the first reported redox doping experiments on a conjugated polymer concerns
polyacetylene doped with iodine ((I2) as an oxidizing agent). 122123 Diatomic halogens such as
I, Bry are attractive dopants because of their volatility i.e. they can be used in the form of a
gas that can easily diffuse in the organic semiconductor and form anions causing the
reversible doping of the polymer.*?* However, these dopants are highly unstable in ambient
which limits their application. Other very common redox dopant molecules used to dope

polythiophenes can be classified by their structure (see Figure 111.2):

1. Planar molecules: F,TCNQ (n = 0, 2, 4), 2,3,5,6-Tetrafluoro-7,7,8,8- tetracyano-
quino-dimethane (FeTCNNQ), hexacyano-trimethylene-cyclopropane (CN6-CP),
Nitrosonium hexafluorophosphate (NOPFe)

2. 3D molecules: FeCls, Mo(tfd-COCF3)s, Mo(tfd)s, and others.

Among them, F4aTCNQ is the most studied one and used as a strong doping agent since
a decade.*1?% |t has a LUMO level of -5.24eV which is suitable for doping of polythiophenes.
F,TCNQ and FeTCNNQ are two other derivatives with a TCNQ (tetracyanoquinodimethane)
core. The latter two dopants possess a LUMO of -4.59eV and -5.37eV, respectively. As a
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general trend, addition of fluorine atoms tends to lower the LUMO level. FeTCNNQ was first

126

applied for the doping of vacuum-processed hole-conductive materials in OLEDs'*® and

subsequently used by Karpov et al. to dope DPP-based copolymers.*’

The strongest p-type dopant yet reported in the literature is CN6-CP having an electron

affinity Ea of =5.87 eV. This dopant is capable of doping efficiently DPP-based copolymers.t?’

FeCls molecule is a strong Lewis acid possessing a small Ea of ~4.65 eV.% It is capable
of accepting an electron pair from a Lewis base and besides form an acid-base complex. Sakai
et al. have studied FeClz-doped polyacetylene thin films using Mdssbauer spectroscopy and
revealed two iron species: FeCl, and FeCls".*?2 Based on their experimental observations, they
proposed a mechanism of electron transfer between FeCls and polyacetylene, where one
FeCls molecule over two acts as an electron acceptor from polyacetylene and the other

stabilizes the Cl- ion that is produced as a result of the reduction of FeCls.

Finally, a bulky Mo(tfd-COCFs)3 molecule is an organometallic dopant with three side
rings. It demonstrates a high Ea of 5.6 eV and good stability under ambient condition. It is

perfectly suitable for doping of hole transporting materials.11%113,114

In the framework of my thesis, | will be focused on the TE properties resulting from the
doping of P3HT with both planar (FaTCNQ, FeTCNNQ) and bulky (FeCls, Mo(tfd-COCF3)3)
dopants. The effect of doping on structural, thermoelectric and optical properties in thin

oriented P3HT films will be highlighted in the scope of this work.
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111.3. Doping methods:

Several doping methods exist and have been widely used for doping of
polythiophenes, such as: i) Mixed solution processing, ii) Sequential Doping, iii) Vapour
phase doping, and iv) Incremental concentration doping. We will describe in the following

these methods in detail.

a) Mixed solution processing

This method implies the mixing of the polymer and the dopant solutions together in a
common solvent and deposit a thin film by drop-casting or spin-coating from the
Polymer/dopant solution. (see Figure I1.3) In 2008, Yim et al. studied controlled p-doping of
poly(3-hexylthiophene) (P3HT), poly(9,9-di-n-octylfluorene-alt-bis-N,N-(4-butylphenyl)-bis-
N,N-phenyl-1,4-phenylenediamine) (PFB), poly(9,9-di-n-octylfluorene-alt-(1,4-phenylene-((4-
sec-butylphenyl)imino)-1,4-phenylene) (TFB) and poly(9,9-di-n-octylfluorenealt-
benzothiadiazole) (F8BT) conjugated polymers by co-blending with FaTCNQ with different
wt% concentration of dopant. At a doping ratio of 10% w/w, the conductivity of P3HT films
increases by almost four orders of magnitude to ~10* S-cm™ when compared with pristine

films.129

Aziz et al. have studied the charge transfer interaction between P3HT and F4TCNQ in
their original work.’3° They claimed that the interaction between the polymer and the dopant
involves a charge transfer complex (CTC) state. They reported a conductivity of ~1 S-cm™ for
solution processed P3HT:FATCNQ films. Their CTC model was later disproved by Pingel and
Neher who showed that integer charge transfer (ICT) between P3HT and Fs,TCNQ is observed.
>2 Duong et al. have analysed the effect of the dopant concentration on the in-plane

conductivity in P3HT:F4TCNQ. 3! Films were spin-cast from solutions at 80 °C with different
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mass ratios of F4aTCNQ to P3HT from CB. The concentration of all solutions was 2 mg solute
per 1 mL of solvent, thus a 50:50 FATCNQ:P3HT solution (dopant molar fraction (MR) of 0.376)
contained 1 mg of F4TCNQ and 1 mg of P3HT per 1 mL of CB.

a) Mixed solution doping
method

Polymer Dopant Mixed
(F3HT) [FATCNQ) Solution

HY \
n | % \
\

P3HT 1 1

NFF M : — _.\.
Jfgﬁ:%ﬁﬂ %ﬁ :T_/ c) Vapour-Doping method

Dissolve polymer Mix polymer and Spin coat mixed
in solvent dopant solutions solution

b) Sequential Doping method

Polymer Dopant
(P3HT) {FATCNG)

@ ~0~¢>~?

Coat undoped Spin until film is Dope film from Spin off axcess
polymer (as usual) completely dry orthagonal solvent doping solution

Figure Ill.3 Schematic of the doping methods: mixed solution doping (a), sequential doping

method (SqD) (b), vapour-phase doping (c). Reproduced from refs*%132

They showed that addition of FaTCNQ increases the in-plane conductivity of P3HT thin
films by about four orders of magnitude up to a concentration of 17 dopant molecules per 83
monomer units (molar fraction or concentration of 0.17). The in-plane conductivity was

peaking at 1.82 + 0.22 S-cm™ and was decreasing upon further addition of dopant. They

distinguished two different doping regimes.
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In the “weak doping regime” (molar dopant fraction (MR) < 0.012), dopant molecules
reside in amorphous polymer regions in thin films and the conductivity is minimally improved
as compared to pristine films. In the “strong doping regime” ( 0.17 > MR > 0.03), charged
complexes are formed in solution. This leads to the nucleation of doped crystalline polymer
domains in thin film and the conductivity increases by up to four orders of magnitude. 3!
Successful doping of the PBTTT-C14 by FATCNQ was reported by Glaudell et al.'33 Electrical

conductivity was found to range from 4 x 10~ S/cm for the neat polymer to 2 S/cm for the

blend with MR of 0.25.

Jacobs et al. reported that in this preparation method, the resulting film which is drop-
cast from aggregated solution is composed of highly conductive doped crystalline domains.
However, these regions are not well connected by tie chains. As a result, conductivity is
limited by the high electrical resistance between the conductive crystallites.*3? Such spatial

disorder negatively affects charge transport properties of the material.

In conclusion, mixed solution processing method has a minor influence on the structural
properties due to a spontaneous charge transfer between polymer and dopant and as a result
form aggregates in solution. This leads to a poorly controlled formation of crystalline domains

in the drop-cast film.

b) Sequential Doping (SqD)

While mixed solution doping was the classical method to prepare doped conducting
polymers, a better doping strategy was developed that is based on sequential processing. In
this method, first the polymer film is deposited onto the substrates by means of common
deposition methods (drop-casting/spin-coating/doctor-blading). Then, the polymer film is

exposed to the dopant solution in an orthogonal solvent (a solvent that does not dissolve the
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pre-cast polymer film). (see Figure 3b) This method allows for a better morphology control as
the pristine polymer structure can be precisely tuned prior to doping. In 2015, Scholes and
coworkers introduced the SgD method on P3HT:F4sTCNQ and compared the values with
mixed-solution processing developed in the work of Duong et al.>®'3! Profilometry
measurements showed that the SqD method produces doped films with the same surface
roughness as pristine films. 2-D grazing-incidence wide-angle X-ray scattering (GIWAXS)
confirmed that SqD preserves both the size and orientation of the pristine polymer’s
crystallites. Scholes et al. were able to obtain reproducible conductivities reaching high values

of 5.5 S/cm even when measured over macroscopic distances (>1 c¢cm).>3

Jacobs et al. compared mixed-solution processing and sequential doping methods on
P3HT:F4TCNQ. Using AFM, they showed that doping does not significantly change the pristine
film morphology, allowing for higher conductivity at a given doping level. They reported that
the morphology/structure was set by the initial polymer film deposition method, thus
creating a morphology with many tie chains between crystalline domains. 32 Jacobs et al.
report that the charge conductivity is higher for SqD by a factor in the range 5 - 15 as

compared to a mixed-solution processing.

SqD proved to be an efficient solution to dope oriented P3HT films as demonstrated by
Hamidi-Sakr et al.3” They studied FATCNQ-doped oriented P3HT films. After film deposition
by doctor-blading, films were oriented by mechanical rubbing at high temperature and doped
from F4TCNQ:acetonitrile solution. They clearly demonstrated that high orientation results in
anisotropic charge conductivity (o) and Seebeck coefficient (a) that are both enhanced in the
direction of the polymer chains (0 =22 £ 5 S-cm™ and o = 60 + 2 uV-K™). The structure of
doped P3HT films was studied by TEM. Upon doping with F4sTCNQ, an expansion along the

side chain direction and a contraction along the n-stacking direction was confirmed by
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electron diffraction analysis. The increase of the alkyl sidechain periodicity dioo with doping
concentration was observed, which was directly influenced by the amount of incorporated

F4TCNQ in the layers of side chains.?”

c) Vapour phase doping

Vapor phase doping reminds SqD because it involves also a two-step process where the
pristine polymer is firstly deposited onto a substrate and is subsequently doped. In this
method, the pristine polymer film is exposed to the vapours of the dopant. This can be
realized in a “home-made” small chamber in which the dopant powder is placed at the bottom
of the chamber at a controlled temperature to promote its evaporation whereas the film is
fixed on top of the chamber in direct contact with vapours. As reported by several studies,
this method turned to be an efficient doping technique that allows to preserve remarkably
the pristine film morphology/structure and as a result to reach high charge conductivities

once in the doped state, 39134135

Patel and co-workers studied the influence of different doping methods (solution vs
vapour) on the thermoelectric power factor of PBTTT p-doped with FR,TCNQ (n = 2 or 4).1%>
The vapour-doped films have more than two orders of magnitude higher charge conductivity
as-compared to SgD films. The most performing samples were those with the largest
orientation correlation length (length scale of aligned backbones) upon doping. Vapour-
doped PBTTT:F4TCNQ thin film, reaches the conductivity as high as 670 S/cm and a power
factor of 120 pW-m™! K™2.135 Hynynen et al. have studied the thermoelectric performance of
vapour-phase doped P3HT films spin-coated from different solvents. They found that the
thermoelectric power factor increases with the degree of crystalline order from 0.2 to 2.7

uW-m=2-K2 due to the enhanced electrical conductivity whereas the Seebeck coefficient
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remained almost unimpacted. 13 Another study of Lim et al. confirmed the local ordering of
P3HT, the texture and form factor of crystallites, and the long-range connectivity of crystalline
domains have a strong impact on the electrical conductivity in thin films.3° They found that
the thermopower of P3HT films doped with F4aTCNQ from the vapour phase did not evolve
relatively to films doped from solution. On the other hand, they found that the electrical

conductivity is significantly higher, yielding enhanced thermoelectric power factors.3?

d) Incremental concentration doping (ICD)

Incremental concentration doping is a new recently reported way of preparing highly
conductive polymer layers. This doping method is based on SqD method. In ICD, the polymer
film is first deposited onto a substrate and subsequently doped in a dopant solutions in an
orthogonal solvent whose concentration is progressively increased. The polymer film is doped
by dipping in solutions starting with the lowest concentration and ending with the highest

one. This allows a gradual doping of the polymer film.

Vijayakumar and co-workers used this way of doping in their comparative study on
oriented PBTTT/P3HT doped with ferric chloride (FeCl3).'*® A remarkable electrical
conductivity along the chain axis was reported for PBTTT:FeCls of the order of the conductivity
of copper ~2 x 10> S-cm™ after using ICD in FeCls:nitromethane (0.1 to 5 mM concentration).
Films of PBTTT directly doped at higher concentration of 5 mM FeCls show conductivity that

is one order of magnitude below that observed for films doped by ICD.

A similar strategy was used earlier, e.g. by Jacobs et al. however in a slightly different
way. To reach higher doping levels, P3HT films were first doped with F4TCNQ using a 0.1
mg/ml acetonitrile solution. This would render the film insoluble. After, the film was further
doped from a more concentrated dopant solution in chlorobenzene. 132
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111.4 Survey on TE performance of doped P3HT

Table 1.1 represents a non-exhaustive set of important results regarding TE

performance of P3HT doped by various dopants.

Doping agent | Doping o,S/em | a, WV /K o, uW -m™" - K | Reference
method
PFe SgD 1 25 0.14 Xuan et
a|.137
(2010)
FTS vapour 28 60 10 Glaudell et
a|.133
(2014)
FaTCNQ mixed 1.8 - - Duong et al.
solution 131
(2013)
mixed 0.1 - - Yim et al. 12°
solution (2008)
mixed 0.1 - - Kiefer et al.
solution 138
(2017)
mixed 1 - - Aziz et al 130
solution (2007)
vapour 12.7 43 2.3 Hynynen et
a|_134
SqD 5.5 - - Scholes et
al.”3
(2015)
SqD 3 - - Jacobs et
a|.132
(2016)
mixed 8 - - Jacobs et
solution al.13?
(2016)
SgD 22 60 8.5 Hamidi-
on oriented Sakr et al. 3’
films (2017)
SgD 2 76 1.2 Lim et al3°
(2018)
vapour 37 85 27 Lim et al®®
(2018)
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vapour 13.4 77 8 Lim et al. >*
on 100% RR (2019)
P3HT
vapour 0.37 110 0.45 Lim et al. >*
on 5% RR (2019)
P3HT
SqD 0.02 - - Yee et al.1*°
of RRa P3HT (2019)
SqD 160 59 56
of oriented This work
P3HT
FeTCNNQ mixed 7 - - Karpov et
solution al. ¥/
(2017)
ICD 276 48 63
on oriented This work
P3HT
FeCl3 vapour 63 - - Yamamoto
et al. 0
(2015)
SqD 0.01 - - Yee et al.1*°
of RRa P3HT (2019)
SgD 350 - - Fanous et
of P3HT- al.14!
coated PET (2012)
fibers
SgD 42 105 46 Jung et
al.1%2 (2017)
ICD 570 54 21
on oriented This work
P3HT
Mo(tfdCOCFs)s3 SqD 13 110 16 Hynynen et
of tensile- al. 111
drawn P3HT (2019)
SqD 509 56 160
of oriented This work
P3HT

*For oriented samples highest reported values measured along the direction of alignment are given.
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I11.5 Structural changes induced by doping of polythiophenes

One of the first doping experiments on P3HT revealing structural changes upon doping
was done by Tashiro in early 1990s with iodine as a doping agent. **3 P3HT was cast from
chloroform solution under ambient and stretched on a hot stage to about 4 times of their
original length. The analysis of the iodine-doped structure was performed using a
combination of X-Ray diffraction and structural modelling and calculation of electron
diffraction patterns. Tashiro et al. proposed that the crystal structure of the pristine polymer
is composed of stacked polythiophene (PT) layers constructed by a side-by-side arrangement
of alkyl chains. They found that iodine doped P3HT possess a tunnel structure due to
incorporation of polyiodide ions such as 3" and |5 into the layers of the alkyl side chains (see
Figure Ill.4e). They managed to simulate the structural changes by constructing four possible
models with energetically minimized structure. They were able to obtain X-Ray fiber diagrams
that were more or less close to the experimental one. In the models 3 and 4 (see Figure I11.4)
a shift of PT chains along the c-axis generates tunnels along the b-axis wherein dopant anions

can be hosted.

Lim et al. studied the effect of ordering on TE properties of blends of RR and RRa P3HT
that were subsequently doped with F,TCNQ from the vapour phase.>* Grazing incidence wide
angle X-ray scattering (GIWAXS) was used to reveal the crystalline structure of (un)doped
blended films. Pristine films of RRa:RR P3HT blends show a lamellar morphology with
preferential edge-on orientation of crystals. Lim et al. demonstrated that neat RRa P3HT films
have no scattering features other than a broad amorphous background and cannot form a
true crystal. Surprisingly, dopant molecules act as additives that induce ordering in the RRa
P3HT films which leads to the appearance of out-of-plane h 0 0 peaks on 2D GIWAXS images

upon doping.>*
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Figure lll.4 (a) and (b) Schematic illustration of the structural change in P3HT induced by
iodine doping; electron diffraction patterns of pristine (c) and iodine-doped (d) P3HT oriented

films, (e) - Energetically minimized crystal structures of doped P3HT. Reproduced from ref*43
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Hamidi-Sakr et al. revealed the structure of oriented FaTCNQ-doped P3HT films using
TEM.3” POM images demonstrate that the doped films remain birefringent: the pristine
orientation of the rubbed layers is not altered upon doping (a full light extinction is observed
under crossed polarizer and analyzer). Pristine polymer films rubbed at Tr~200 °C
demonstrate lamellar film morphology seen in Bright Field (BF) TEM mode that is not altered
upon doping. Crystalline orientation is found to be face-on as seen from images done in High-

Resolution (HR) TEM mode.?”

Electron diffraction (ED) was used to probe the crystal structure of P3HT prior/upon
doping. Both pristine and doped films exhibited a well-defined ED pattern. One of the major
structural changes due to doping is the increase of the periodicity along the side-chain
direction from ~16.6 A to ~17.5 A (confirmed in HR-TEM). On the contrary, the n-stacking
distance shows an opposite trend decreasing from 3.75 A to 3.55 A. UV-Vis-NIR spectroscopy
helped to determine the relative orientation of FA;TCNQ anions with respect to PT backbones.
Parallel to the rubbing direction R, polaronic features P1 and P2 are observed, whereas for
light polarization perpendicular to R, the pure anionic signal is observed. The transition dipole
for the FA;TCNQ anion is along the dopant’s long axis, hence, polarized UV-vis-NIR confirms the
fact that F4aTCNQ dopant molecules intercalate in the layers of side-chains with their long axis
perpendicular to the polymer backbone. (see Figure 111.5d) The effect of doping concentration
was also studied. The dioo periodicity tends to increase, whereas the m-stacking distance do2o

decreases with the increase of doping concentration.3” (see Figure 111.5¢)

Worthy to mention some information about structural changes in PEDOT which is also
a substituted polythiophene (see Figure 1.3). Kim and Brédas in 2008 studied the

correlation between electronic and structural properties in pristine and tosylate-doped
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PEDOT using a combination of density functional theory (DFT) and refined structural

models built upon crystallographic data of PEDOT and other substituted polythiophenes.*?

a) High-temperature rubbing Doping from solution
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Figure Il1.5 a) Schematic representation of preparation of highly oriented and doped P3HT
films, b) Polarized optical microscopy images under crossed polarizers of the doped P3HT, c)
Intensity profile along the equator of the ED pattern for films doped at different

concentrations of F4TCNQ and evolution of the layer spacing dio0 and the ni-stacking period
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do2o as a function of the doping level. d) Schematic illustration of the structural change in the

packing of P3HT chains induced by doping with F4TCNQ. Reproduced from ref>’

I»«*HH wm @

Figure I11.6 Calculated structure of PEDOT:Tosylate. Reproduced from ref*?.

Ethylenedioxy-substitution planarizes the polymer backbones. It was found that the
calculated crystal of pristine PEDOT adopts a monoclinic lamellar structure (with the space
group - P2/c). Within the m-stacks, polymer backbones are slightly rotated around the
chain axis by ~9° in the pristine PEDOT crystal contrary to the doped one. The crystal of
the tosylate-doped form is found to have twice the unit cell size than the experimentally
proposed structure. The unit cell proposed in their work has Pmn2; symmetry. (see Figure

[11.6) It has a mirror plane between adjacent PEDOT stacks. Tosylate molecules are
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sandwiched in a monolayer between PEDOT stacks and are locked 33° off the chain axis,

which causes the individual stacks to zigzag.*?

111.6 Correlations between conductivity and Seebeck coefficient in doped

semiconductors

The description of the transport in organic semiconductors is relatively complex due
to the existence of spatial and energetic disorders in materials that are intrinsically semi-

crystalline and composed of highly ordered and disordered domains.

In general, the electrical conductivity o is directly related to the charge carrier
concentrationn and to the charge mobility p .13 In the free-electron approximation for
the band structure, the conductivity o is a function of the free charge carrier

concentration n and the charge mobility i (electron elementary charge ¢) :
o=le|-un [4]

An empirical correlation for doped organic semiconductors was experimentally
observed first by Kaiser et al.}** and subsequently by Glaudell et al.'** for doped PBTTT.
Glaudell et al. have performed a fruitful study on three polymers, namely P3HT, PBTTT-
Ci4 and poly(2,5-bis(thiphen-2-yl)-(3,7-diheptadecantyltetrathienoacene)) (P2TDC17 -FT4)
doped by two different doping methods: using SqD by F4aTCNQ and vapour phase doping
with fluoroalkyl trichlorosilanes (FTS).33 Surprisingly, for two different doping methods

and different dopants a clear correlation between thermopower and electrical

.. . . -1/4 . .
conductivity was observed following the scaling law S ~o ™" . This was a clear evidence

of the fact that the thermoelectric properties are dominated primarily by the polymer and
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not by the specific doping mechanism or dopant chemical nature.'33 Similarly, Patel et al.
observed the same correlation in Fh,TCNQ-doped (n=2, 4) PBTTT.*3>Accordingly, a power
law is found to reproduce quite well the correlation between electrical conductivity and

Seebeck coefficient:
a~oc " [5]

Where s in the scaling exponent. Across a wide range of materials thermopower
scales with conductivity with the exponent of -1/4, however some studies report an

exponent of -1/3 depending on the range of experimental data set chosen for the fit.14°

The power factor consequently then has a square root dependence on conductivity:
PF ~c'"* [6]

The theoretical description of the charge transport in doped polymers and the
resulting correlation between charge conductivity and thermopower was performed
recently by Kang and Snyder. They have built a generalized charge-transport model.* In

their model the electrical conductivity o can be characterized using the transport

function o :

_ (o2
o= IO'E(aE)dE

E-E )\ 7]
o (E,T):O'O(T)- L ,E>E
£ & k,T

Most importantly in this model, the conductivity has two essential features that help

to identify the transport mechanism: a transport edge E:and a transport parameter s.
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They also relate the Seebeck coefficient to the the transport function versus charge carrier

energy following the relation:

1 ¢(E-E of
~— Flo. | —=— |dE
¢ GJ( k,T ]GE( an 18]

After extensive analysis of doped polymer systems such as P3HT, PBTTT, PEDOT, the

electrical conductivity and Seebeck coefficient was analysed. It was found that most
polymers (except PEDOT:tosylate) show s=3 and possess thermally activated
conductivity. In strong contrast, s=1 typical for “itinerant” conductivity is found in
crystalline semiconductors and metals.!*> It is worth to stress that s=3 should imply a

s=1/3 exponent, which is not observed experimentally.

Lim et al. has found that P3HT films vapour doped by F4TCNQ follow the trend

a ~o " 3% Tanaka et al. in their study on PBTTT doped by electrolyte gating were able to

analyse the avso correlation over a large range of conductivities (about six orders of
magnitudes). They have found two distinct regimes: non-metallic and metallic. The Svso
relation observed followed the empirical trend of & ~ o " inthe low-conductivity region
(o < 100 S/cm), whereas it deviates from this relation as o increases, approaching the

. -1
scaling lawa ~ o~ .14

Lepinoy et al. have shown that the TE properties of one of the most promising

conducting polymer PEDOT:Tosylate follows actually a generic behaviour as « ~ o .
They managed to develop a theory that explains such a behaviour for PEDOT. They claim
that Dirac fermions scattered by unscreened ionized impurities can account for this

scaling behaviour. ¥
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Vijayakumar et al. have studied the charge transport properties in oriented FeCls-

doped C1,-PBTTT and P3HT thin films. 136 Both polymers exhibit a common trend in the

direction parallel to the chain direction ¢ ~ 0'”_”4 . Whereas in the direction normal to the

chain axis the trend differs much. It followed the trend reported earlier by Mateeva et al.

in stretch-aligned polyacetylene, polypyrrole, and polyaniline#8:

1
af——(—klen o [9]
B\ e o,

In the direction perpendicular to the chain axis for both polymers «, ~—In(c )

trend is observed supporting a different charge transport mechanism.3¢
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Chapter 2. Control of chain alignment and crystallization helps enhance charge
conductivities and thermoelectric power factors in sequentially doped

P3HT:FsTCNQ films

l. Introduction

The scientific community of plastic electronics witnesses in the last decade a renaissance
of interest for conducting polymers and doped polymer semi-conductors used as
thermoelectric materials.*> Besides classical conducting polymers such as PEDOT:PSS, doped
polymer semi-conductors appear as interesting alternative candidates for TE applications
since the processing and crystallization of the polymer semi-conductor can be decoupled from
doping to ensure optimal control over both crystallinity and doping levels. It is of particular
importance to master the doping process in order to tune the charge carrier densities since it
determines the type of targeted application. Improved On/Off ratio and charge mobilities are
obtained in Organic Field Effect Transistors (OFET)>* for low dopant concentrations in blends
with semi-conducting and insulating polymers. Interesting thermoelectric properties of
conducting polymers such as poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDQOT:PSS) can be achieved by fine tuning the doping level in the thin films through
sequential post-treatments with common acids and bases.> Among other polymers,
regioregular poly(3-hexylthiophene) (P3HT) doped with 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) is a model system to better understand the correlation

between structure, charge transport and thermoelectric properties®'° The electronic process
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of doping in P3HT/F4TCNQ implies an integer charge transfer from the HOMO of the P3HT

(approx. -4.9 eV) to the LUMO of the dopant (approx. -5.2 eV) (see Figure 1).2°
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Figure 1: a) Chemical structures and schematic energy diagram of F4TCNQ and P3HT. b)
Preparation method of in-plane oriented and conducting polymer films. First of all, chain
alignment and crystallization of the P3HT films are generated by high-temperature rubbing
(R is the rubbing direction). Thin oriented films are floated on distilled water and recovered
on glass substrates with gold electrodes and doped by dipping into the solution of FATCNQ in

acetonitrile (AcN).

But this redox reaction depends strongly on the proximity of dopant molecules and
polymer backbone,’® hence, on the diffusion of dopant molecules and on their location in the
polymer matrix. Transmission Electron Microscopy and polarized UV-Vis-NIR spectroscopy
analysis of highly oriented thin films of F4ATCNQ-doped P3HT demonstrated that the F4aTCNQ"
anions are located in the layers of alkyl side chains within crystalline P3HT domains with the

molecular long axis of FA,TCNQ" oriented perpendicular to the polymer backbone.?! Recent
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studies on a family of poly(2,5-bis(3-alkyl-2-yl)thieno[3,2-b]thiophene) (PBTTT) with varying
alkyl side chains showed that the ultimate doping level is determined by both the side chains
length and packing.?? The structure of side chains (branched versus linear) is equally
important in determining the ultimate doping level in thin films.’

Numerous studies on P3HT/F4sTCNQ have demonstrated that the method of doping
impacts the final doping level and corresponding charge conductivity. Blending P3HT with
F4TCNQ in solution®’ results in poor charge conductivities whereas sequential doping of P3HT
films by spin-coating or by dipping into a solution of F4TCNQ®° leads to enhanced
conductivities of up to 10 Scm. Even higher conductivities are obtained upon vapor phase
doping.'**> Hence a large spread of conductivities in Fs TCNQ-doped P3HT is reported in the
literature depending on the doping method. Crystallinity of pristine P3HT films is also an
essential factor controlling the conductivity in FaTCNQ-doped films.1%1%13 For instance,
Hynynen et al. have evidenced a clear correlation between the crystallinity of P3HT measured
via the free exciton bandwidth, and the charge conductivity.!! This correlation relates to the
higher charge carrier mobility as the degree of solid state order increases.

Although many studies have focused on non-oriented thin films, it can be highly
advantageous to study doped oriented thin films.222* We have previously demonstrated that
a two-step process can afford highly in-plane oriented conducting polymer layers of interest
for thermoelectric applications.?! Soft doping of P3HT films rubbed at 220°C with a solution
of F4,TCNQ in acetonitrile (1 mg/ml) in ambient leads to charge conductivities up to 22 S cm™
and power factor of 8.5 yW m=K2. Most importantly, alignment of P3HT enhances both
charge conductivity ¢ and thermopower a along the polymer chain direction resulting in

improved TE power factors PF= c-02.2! The anisotropy of the thermopower is explained in
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terms of a heterogeneous material model that takes into account the semi-crystalline nature
of the films.?3 Interestingly, adjusting the temperature applied during the rubbing process (Tr)
provides a handle to tune in-plane orientation, structure and crystallinity of the films.
Regarding alignment, increase of Tg from room temperature to 220°C results in a remarkable
increase of the order parameter up to 0.84.2° The 3-D order parameter is defined as following

(with the dichroic ratio at 610 nm):

DR —1
p=""" 1
DR +?2 @)
Abs
DR = Abs// )
1

Concerning the structure, for 50 °C < Tr < 150 °C; the films consist of a small fraction of
non-oriented crystalline phase and an oriented “smectic-like” phase with face-on oriented
domains. In the smectic-like structure, P3HT chains show translational order along the =-
stacking direction (bpsnt axis) but no translational order along the chain direction within stacks
of backbones (the 002 reflection is absent in the diffraction pattern). In addition, the layers
of alkyl side chains are highly disordered.?> When a film of P3HT is rubbed above 150°C,
oriented crystallization parallel to the rubbing direction R sets in and leads to a well-defined
semi-crystalline lamellar morphology. In the semi-crystalline phase, the packing of P3HT
backbones displays well-defined translational order along both the chain and the m-stacking
directions, and relatively well packed alkyl side chains.?%?” Finally, increasing Tr from 140°C to
220°C results in an increase of both crystallinity (from 25% to 60-62%) and lamellar periodicity

(that scales inversely to the undercooling).
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In this chapter, we use the structural variety achieved by controlling the rubbing
temperature to investigate the doping mechanism in aligned P3HT films and how it impacts
the resulting charge conductivity and TE properties. The fundamental questions we address
are the following: How does the original structure of the P3HT films (smectic versus semi-
crystalline) affect the final doping level? How are the dopant molecules distributed in the
structure of P3HT and to what extent are the TE properties affected? To answer these
guestions, we use a combination of UV-Vis-NIR absorption and electron paramagnetic
resonance (EPR) spectroscopies, Transmission Electron Microscopy and Electron Diffraction,
conductivity and Seebeck coefficient measurements. We uncover correlations between film
structure and crystallinity and corresponding charge conductivity and TE properties. As a main
result, the semi-crystalline structure of aligned P3HT films shows superior conductivity and
TE efficiencies (power factor) as compared to the smectic-like phase. Polarized UV-vis-NIR
absorption spectroscopy shows that the distinct phase behavior relates to different in-plane
orientations and doping levels. A combination of electron diffraction and polarized absorption
spectroscopy gives a detailed insight into the mechanism of dopant intercalation in the P3HT
structure both in terms of structural modification and orientation distribution of dopant
molecules in the layers of alkyl side chains. Correlations between the order parameter and
the anisotropy in charge transport are analyzed. High conductivities up to 160 S/cm and

power factors of 56 uW m™ K2 are reached.
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Il. Results and Discussion

I1.1. Fabrication of highly in-plane oriented conducting polymer films
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Figure 2: Polarized optical microscopy images under crossed polarizers of the P3HT films
aligned at Tr = 78 °C (a) or 186°C (b) before and after doping (Crarcng = 1 mg mL™). The white
bar in the bottom right corner of each image scales with 50 um. Cross polarized Images
indicate the strong birefringence at 45°, while full extinction is observed at 0° when the
rubbing direction R is set parallel to the polarization of the incident light; c) Evolution of the
dichroic ratio at 610nm and the 3D order parameter of oriented P3HT films as a function of

rubbing temperature Tg.
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In-plane oriented P3HT thin films were prepared by mechanical rubbing at different
temperatures Tg (78 °C to 186 °C). The oriented P3HT films were then subjected to a soft
doping by dipping the films for 10 s into a solution of F4aTCNQ in acetonitrile (AcN) (1 mg mL
1) (see Figure 1) . A particular attention has been paid to prepare the samples and perform
the charge conductivity and Seebeck coefficient measurements under inert atmosphere (in
our previous work, the doping process was conducted in air, resulting in lower charge
conductivities).?! Polarized optical microscopy (POM) of the rubbed films shows a colour
change upon doping while the films remain birefringent: the pristine orientation of the
rubbed layers is not altered in the doping process (Figure 2). Films rubbed at high temperature
(Tr > 150°C) are more uniform and birefringent than those oriented at 78°C indicating better
alignment. The plot of dichroic ratio and order parameter versus Tr (Figure 2c) further
confirms the beneficial effect of using larger rubbing temperatures. No rupture or
discontinuity of the films normal to the rubbing are observed as demonstrated in our previous
work.2%23 Rubbing temperatures above Tr>220°C were not used to avoid plastic deformation

of the polymer layer.

As doping introduces charges in the polymer, electron paramagnetic resonance (EPR)
spectroscopy can be used to probe the oriented and doped P3HT films (Figure 3).222° This
method is sensitive to the local environment of the electron spins associated with both the
P3HT polaron and the F4aTCNQ radical anion. At X-band frequencies and fields applied here
(about 9.8 GHz microwave frequency and 0.35 T magnetic field strength), the contributions
of these two species strongly overlap in the doped P3HT films, resulting in a featureless EPR

signal whose g value of 2.0023 is close to that of the free electron. This comes to no surprise,
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as both, P3HT polaron and F4TCNQ anion, are organic radicals and the overall spectral width
of at least one of them seems broader than the difference in g values between the two.
Despite the limited resolution of the X-band EPR spectra, evidence for both, orientation and
doping is obtained for oriented and doped P3HT films. First, EPR can be used to visualize the
doping process as a function of dopant concentration. As seen in Figure 3a, the increase of
doping concentration from 0.01 mg/ml to 1 mg/ml results in a clear broadening of the EPR
signal. The broadening is attributed to increased dipolar interactions between spins,
reflecting a decreased average distance between spins when the doping level augments.3%31
As an alternative, one could also consider a segregation of dopants in some parts of the films,
but this contradicts the UV-vis observations indicating that only P3HT crystals are doped, not
the amorphous phase (vide infra). A more direct approach to quantify the doping level would
be quantitative EPR.32 However, in this particular case, determining the amount of rubbed
P3HT film on the substrate of each of the consecutively measured samples is far from trivial.
However, we are confident that our attribution of the signal broadening to an increased
dipolar interaction, hence smaller distance between F4sTCNQ and P3HT, hence higher doping
level, is accurate. From this, we can infer that the semi-crystalline films allow for more
efficient doping as the smectic-like films (Figure 3c), as evident from the broader EPR line of
the former. 3% 31 Moreover, the films show a clear anisotropy of the EPR signal in the magnetic
field (Figure 3b,d). The shape (intensity and linewidth) of the signal is orientation-dependent,
and clearly more-for the semi-crystalline than for the smectic-like films. This gives further
evidence for the highly oriented and anisotropic character of the films after doping which is

further probed by polarized UV-vis-NIR spectroscopy.
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Figure 3: cw-EPR spectra obtained for P3HT doped with FsTCNQ. (a) Spectral broadening
with increasing dopant concentration. (b, d) Orientation-dependence of the signal for
smectic-like and semi-crystalline films. (c) Comparison of spectra for smectic-like and semi-
crystalline films. The spectral broadening with increasing dopant concentration is attributed
to increased dipolar interactions between the spins and can hence be directly related to an
increased doping level. Therefore, the broader EPR spectra of the semi-crystalline films
compared to the smectic-like films point towards an increased doping efficiency in the
former. The orientation dependence of the EPR spectra, while visible for both, smectic-like
and semi-crystalline films, is clearly more pronounced for the latter, as expected from their
higher degree of order. The insets show the relative orientation of the pole pieces of the EPR

spectrometer with respect to the thin film. In a) and c) the magnetic field lies in the film
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plane and is perpendicular to the rubbing direction. In b) and d) the EPR signal is recorded

parallel and perpendicular to the film normal.

11.2. Evolution of spectroscopic features with rubbing temperature and doping

As shown previously for P3HT, rubbing temperature impacts the degree of alignment and
crystallinity of the films (see Figure 2).2° It can therefore be used as a handle to probe the
impact of structural variation on doping and thermoelectric properties. Polarized UV—Vis—NIR
absorption spectroscopy evidences different levels of alignment of the rubbed P3HT films
depending on the rubbing temperature Tr. The 3-D order parameter (OP) of the non-doped
films increases gradually from 0 to 0.8 with increasing Tr up to 171°C and levels off at 0.8 with

further increase of Tr.2

Figure 4 shows the UV—-vis—NIR absorption spectra for P3HT films rubbed at different Tr
and subsequently doped with a 1 mg mL™! solution of FA,TCNQ /AcN. Figure 5a represents the
optical spectra of thin P3HT films rubbed at different Tr recorded for light polarisation parallel
to the rubbing direction R (POL // R) and normalised with respect to the thickness (15-30 nm).
Figure 5b represents the optical spectra recorded for the light polarisation perpendicular to
the rubbing direction (POL L R). The alignment is maintained after the sequential doping
process (Figure 1).2°> The spectra recorded for light polarization parallel (POL // R) or
perpendicular (POL L R) to the rubbing direction show different and characteristic features
dominated by the doped P3HT and the Fs-TCNQ™ anions, respectively. For POL // R (Figure 4),

the polaronic bands P1 and P2, located at A > 2500 nm (= 0.5 eV) and 795 nm (1.56 eV),
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respectively, result from the doped and oriented P3HT backbone. The peak located at = 540

nm corresponds to the neutral form of P3HT (labelled N). The polaronic bands are polarized

along the rubbing direction, i.e. the polymer backbone.
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Figure 4: Polarized UV-Vis—NIR absorption
spectra of FsTCNQ-doped oriented P3HT films
featuring polarized polaronic bands (P1, P2) and
polarized absorption bands of the Fs;TCNQ~
anions as a function of the rubbing temperature.
The spectra are recorded for the incident light
polarized parallel (POL // R, in red) and
perpendicular to the rubbing direction (POL L R
in blue): a) TR = 78°C, b) Tr = 148°C and c) Tr =

186°C.

We can see that the polaronic bands P1 and
P2 are more oriented when Tr increases,
resulting in an increase of the dichroic ratio for
the P1 band when Trincreases. This is consistent
with the change in the OP of the pristine rubbed
P3HT films (see Figure 2c). At low Tr (< 150°C),

the weak anion features and weak polaronic

bands are seen for both light polarization orientations because of the low level of alignment.
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On the opposite, for TR > 150°C, the samples are highly oriented and the different polaronic
and F4sTCNQ™ bands are strongly polarized (Figure 4). For POL L R, the UV-vis spectrum is
dominated by three peaks of FA;TCNQ™ centred at 416, 768, and 875 nm. The peak located at
480 nm corresponds to the amorphous fraction of P3HT. Interestingly, no polarons are
observed for POL L R at high Tgr. This absence suggests that the amorphous interlamellar
zones of P3HT are only poorly doped, as stressed in our previous study.?!

For all samples, the vibronic structure of the neutral form of P3HT (N) disappears upon
doping. Both, the position and the shape of the N component change with Tg. For POL // R, it
red-shifts from 517 nm to 561 nm with increasing Tg (Figure 6a, b). This is related to the
increasing conjugation length for the P3HT films rubbed at higher Tgr.2> For POL 1 R, the
maximum of the absorption of neutral P3HT is slightly blue-shifted with increasing Tr (from
504 nm to 480 nm) (Figure 6a, b). This is due to the fact that for low Ty, the films is composed
of a fraction of non-oriented crystalline P3HT that absorbs light also for POL L R and shifts the
absorption to the red. For high Tg, the absorption for POL L R is dominated by the amorphous
fraction and the spectrum is thus shifted to the blue.

Further insight into the doping level is obtained by following the spectroscopic variation
with increasing Ts. The evolution of the absorbance of the neutral and polaronic features is
of particular interest (Figure 5.c). As a general trend, the slope of the P1 band at 2500 nm
indicates a red-shift of the P1 band with increasing Tg. Ghosh et al. demonstrated that the
redshift of the polaronic absorption correlates with a larger delocalization of the polarons in
the more crystalline films.333% This is consistent with the structural evolution in rubbed P3HT

films, i.e. with the increase of the length of the planarized segments in P3HT crystals grown
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at increasing Tr.2> Thus the more delocalized polaron for Tr = 186°C reflects the higher

crystallinity of the pristine P3HT films.
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Figure 5: Evolution of the UV—-Vis—NIR spectrum
of highly oriented P3HT films doped with
F4TCNQ (1 mg/ml) as a function of the rubbing
temperature (Tg) from 78 to 186°C. The spectra
are recorded for different polarizations of the
incident light with respect to the rubbing
direction (R). a) POL // R spectra showing the
polaronic bands P1 and P2 of the doped P3HT
and the neutral P3HT (N). b) POL L R spectra
showing the absorption of neutral N P3HT (450
— 530 nm) and the 416, 768 and 875 nm
characteristic peaks of the FATCNQ™ anions. For
clarity, the spectra for different Tg, in POL LR,
are shifted along the ordinate axis. c) Evolution
of the absorbance ratio Abs(P1) / Abs(N) as a
function of Tr for doped P3HT films. The
intensity of Abs (N) has been estimated by
subtracting the contribution from P2 band after

peak deconvolution. The dashed line is a guide
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for the eye to highlight the transition from the smectic-like to the semi-crystalline form of

P3HT.
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Figure 6. a) Maximum peak position of the
neutral P3HT fraction in doped films as a
function of T for both light polarizations. b)
Polarized UV-vis absorption spectra of
oriented P3HT films prepared by high-T
rubbing for Tg range from 78°C to 186°C. The
spectra correspond to the incident
polarization parallel to the rubbing direction
R and are normalized with respect to the

absorbance of the 0—-1 component of the

vibronic structure.

As a rule, the absorbance of P1 and P2
polaronic bands increases at the expense of

the neutral form N with increasing Tr. This is

clearly seen in Figure 5.c showing the ratio r = Abs P1 (at 2500 nm) / Abs N (at 550 nm) as a

function of Tg. Two temperature ranges can be defined. For Tr < 150°C, r ~ 0.55 whereas for

Tr > 150°C, r ~ 0.9. This might indicate a difference in doping level for the two temperature

regimes. Interestingly, the discontinuity observed around 150°C coincides with the transition

from the smectic-like to the semi-crystalline phase.? Thus the smectic-like phase appears less

doped than the semi-crystalline phase.
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Let us now determine how the differences in polymer chain alignment and doping level

impact the thermoelectric properties of the doped films rubbed at different temperatures.

11.3. Dependence of thermoelectric properties on in—plane alignment and crystallinity

In the next step, the impact of thin film structure on thermoelectric properties has been
studied as a function of Tr. Charge conductivity and Seebeck coefficient were measured on
thin P3HT films rubbed at Tr from 78°C to 186°C and subsequently doped by FaTCNQ /AcN (1
mg/mL). Figure 7 a, b demonstrates the evolution of electrical conductivities o/, and o and
of the Seebeck coefficients o, and o1, respectively. Both ¢ and o are measured in parallel
and in perpendicular to the rubbing direction (typical Seebeck voltage curves are shown in
the experimental section). The values of charge conductivity are improved along the polymer
chains (delocalisation of the polarons along the polymer chains) over non-oriented films. The
conductivity increases drastically above Tg=140°C. The highest value obtained for oy is 160
S.cm™ which exceeds by one order of magnitude the value obtained for non-oriented vapor
phase doped films (12.7 Scm™).*! As seen in Figure 7a, o is always below 20 S’cm™ and
changes little with rubbing temperature. The charge conductivity measured perpendicular to
the rubbing is close to the one obtained for the non-rubbed reference samples (~ 9 S’cm™?). It
suggests that the conductivity in the non-rubbed films is limited by the contribution of the
charge transport perpendicular to the polymer chains. Most interestingly, o, displays a
discontinuity at ~150°C that coincides again with the transition from the smectic-like to the

semi-crystalline phase.
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Similarly to the conductivity, the Seebeck coefficient oy, is enhanced along the chain
direction and reaches 60 pV K. This value does not vary much with Tr and no discontinuity is
observed around 150°C. In contrast, o] shows a much stronger variation and decreases from
35 uV'K1to 12 uv- Kt when Tr approaches 160°C. In our previous study, the anisotropy of the
Seebeck coefficient was explained by a heterogeneous model taking into account the
coexistence of crystalline and amorphous phases.?® In particular, it was shown that o is
determined by the Seebeck coefficient of the crystalline domains that channel the majority
of charges when the temperature gradient is perpendicular to the rubbing direction. With
increasing Tr in the range 150°C - 220°C, the lamellar thickness and the average coherence
length of P3HT backbones in the crystalline domains tend to increase.?! In addition, the
proportion of edge-on P3HT crystals increases too. We propose that the observed variation
of ol with Trin the semi-crystalline phase reflects these structural changes.??

Figure 7.c shows the evolution of the power factor PF= -0 as a function of Tg. PF/; is
dominated by the dependence of o/, and reaches a maximum value of 56 uyW m™* K2 at Tr=
186 °C. This value is higher than the 27 pyW m1 K2 value reported recently for P3HT doped by
vapour-phase infiltration'® and clearly reflects the benefits of enhanced alignment and
crystallinity on TE properties.

As seen from Figure 7 a, b, explicit anisotropy of both o and ais observed in the oriented
films of P3HT. One can expect the anisotropy in conductivity to be correlated with the degree
of in-plane alignment. We therefore plotted the evolution of the charge conductivity
anisotropy as=0y// 6. as a function of the order parameter extracted from the dichroic ratio

of the polarons (OPp1) as shown in Figure 8. As expected, the anisotropy of charge conductivity
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scales with the order parameter of the polarons OPp1 which emphasizes the importance of in-

plane alignment to reach the highest charge conductivities.
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Figure 7: Evolution of the a) charge conductivity, b) Seebeck Coefficient, and c) power factor
measured along (// R) or perpendicular (L R) to the rubbing direction for P3HT films rubbed
at different temperatures and doped with F4,TCNQ (1 mg/ml). The black dashed lines
represent the values for a non-oriented sample. The error bars are mainly related to the
statistic dispersion in alignment level of samples. In a and c, the vertical green lines are a

guide for the eye to differentiate the ranges of smectic-like and semi-crystalline phases. d)
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Evolution of the charge conductivity o, measured in the direction of the polymer backbone
as a function of the free exciton bandwidth W (see Experimental section). The grey dashed
line is a guide for the eye to highlight the transition between the smectic-like and the semi-

crystalline phases.
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Figure 8: Anisotropy of electrical conductivity vs order parameter of the polaron.

Having demonstrated that in-plane alignment plays an important role on charge
conductivity and thermoelectric properties, the next section focuses on the impact of
crystallinity on TE properties. An elegant mean to do so is to use the excitonic band width, W,
as a measure of the film’s crystallinity and to correlate it with the charge conductivity o/, along
the chain direction.' 3537 Referring to work by Hynynen et al. ! and the weak H-aggregate

model of Spano,3® we have extracted the information on the local intra-chain order from the
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UV-vis spectra of P3HT. This intra-chain order can be quantified by the free exciton

A

-1

bandwidth W. As shown by Spano, for weak H-aggregates, W is related to the ratio

following the equation:

= (1)

2
A, [1-024W/E,
A, |\ 1+0.073W/E,

where Ep is the intramolecular vibration (0.18 eV) and the Ao is taken from the (POL

-1
// R) absorption spectra of oriented P3HT films (Figure 6d). In the present case, we observe
that W decreases from 95 meV for Tr = 78 °C to 45 meV for Tg = 186 °C. Such a low value of

W for high Tg is the fingerprint of high crystallinity (consistent with the UV-Vis observations).

Figure 7.d depicts the dependence of o, with W. W has been extracted from the
absorption spectra (POL // R) of rubbed P3HT for various Tr prior to doping (see Figure 6b).
The figure shows a clear discontinuity around 150°C that coincides with the structural
transition from the smectic-like to the semi-crystalline phase. The W values of the smectic-
like phase are in the 75-95 meV range whereas the semi-crystalline phase reaches W down to
40 meV. This result is in line with the evolution of the apparent doping level extracted from
UV-Vis absorption (Figure 5c). Indeed, a similar discontinuity has been observed for the P1/N
absorption ratio depending on the rubbing temperature. Both results suggest that two
different regimes of conductivities are effective depending on the rubbing temperature, each

regime being associated to either the smectic-like or the semi-crystalline phase.
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The correlation between W and charge conductivity o, along the chain direction is also
possibly related to the change in conjugation length induced by chain alignment upon
rubbing.?® Increasing Tr leads to larger stem length in the P3HT crystals and hence a higher
crystallinity. The larger stem length in the crystals is consistent with the larger dichroic ratio
in UV-vis absorption. As seen in Figure 9, this interrelation between alignment (dichroic ratio)
and crystallinity (excitonic bandwidth W) is clearly reflected in the apparent correlation
between W and R. This analysis implies that the benefits of alignment and crystallinity on TE
properties are inter-related. In other words, high crystallinity is related to high alignment of

P3HT films and it is not possible to disentangle both factors.

100

Excitonic bandwisth V¥ (meV)
\l
o

40

Dichroic ratio

Figure 9: Correlation between the excitonic bandwidth W and the dichroic ratio for P3HT

films oriented at different rubbing temperatures Tk.
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1.4 Impact of doping on both smectic-like and semi-crystalline structures.

11.4.1. Structural analysis by Transmission Electron Microscopy.

Let us now identify how the doping impacts the structure of both phases. Low dose
electron diffraction was used to explore the impact of FaTCNQ doping on the structure of

P3HT thin films rubbed at different Tr.

First, we describe the ED patterns of the non-doped films rubbed at different
temperatures and identify the characteristic structural features of both smectic-like and semi-
crystalline phases. Figure 10 exemplifies the characteristic variation of the digo periodicity
with Tgr and the diffraction patterns for Tg=78°C, 120°C and 186°C. The P3HT films rubbed at
Tr = 78°C are composed of a fraction of unoriented edge-on crystal (Scherrer ring 0 2 0) and
a fraction of aligned face-on domains (equatorial h 0 0, h=1-3).(see Figure 10b) These aligned
face-on domains correspond to the smectic-like phase of P3HT as they show only equatorial
h 0 O reflections and no meridional 0 0 2 reflection along the rubbing direction. In other words,
there is no well-defined translational order along the chain direction (c axis) within m-stacks
of polythiophene backbones.?>?¢ This is illustrated in Figure 10e: (b,c) stacks show a statistical
stacking disorder characterized by Acintra and disordered side chains in the smectic-like phase.

As seen from Figure 10c, for Tr> 120°C (once in the semi-crystalline phase), no other
structural variation upon doping takes place in terms of unit cell parameters change as a

function of Tr while alignment and/or crystallinity rate still increase. It seems that some kind
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of structural saturation has been reached. It could be related to the maximum number of

dopant incorporated within the unit cells in the crystalline domains.
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Figure 10: a) Evolution of the dioo reticular distance as a function of Tr for doped (®) and
undoped ( A ) samples; b), c), d) electron diffraction patterns of undoped films rubbed at
78°C, 120°C and 186°C, respectively. The star in (b) points at an additional PTFE reference

reflection used to calculate the reticular distances.

It is also interesting to point out that the periodicity d100 along the alkyl side chains in
the undoped state is slightly smaller for a semi-crystalline phase than for the smectic-like
phase. (see Figure 10a) This is mainly related to a better packing of the alkyl side chains in the

semi-crystalline phase as validate by the presence of mixed indexes on the ED patterns (i.e. h
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0 2 reflections). This leads to a difference in induced structural changes of A digo = 0.6 A

between the two doped phases.
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Figure 11: Electron diffraction patterns of the smectic-like (Tg = 78°C) films in pristine
(a) and doped (b) forms. Equatorial (c) and meridional (d) section profiles of the electron

diffraction patterns. The curves in black (blue) correspond to the pristine (doped) films. For
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clarity, the section profiles are shifted along the ordinate axis. The asterisk seen in a and b

indicates reflections from PTFE used for calibration. The rubbing direction R is vertical (blue

arrow) for all patterns. (e, f) Schematic illustration of the structural changes in the packing
for the smectic-like (Tr= 78°C): undoped pristine structure (e) and after doping with

F4TCNQ(f).

P3HT films oriented at 186°C have the highest degree of alignment (consistent with
POM and UV-vis spectroscopy) as seen from Figures 10, 2b and 4c. The films consist of both
aligned edge-on and face-on P3HT crystals as indicated by the co-existence of equatorial 0 2
Oand h 00 (h=1-4). The 0 0 2 reflection is very sharp and intense, indicating a very high level
of translational order along the chain direction c. Most characteristic of the semi-crystalline
phase is the presence of sharp h 0 0 reflections (h = 1-4) and well-defined mixed indices h 0 2
reflections, as a consequence of translational order along both apsur and cp3ur directions and
partially-ordered side chains. The semi-crystalline phase is also visualized by bright field
transmission electron microscopy and composed of the typical periodic alternati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>